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The  Genetics  of  Pathogenic  Organisms  is 
the  third  symposium  in  the  field  of  the  bio- 
logical sciences  that  has  been  published  by 
the  American  Association  for  the  Advance- 
ment of  Science.  The  first  was  The  Migra- 
tion and  Conservation  of  Salmon  (1939) 
and  the  second  was  Problems  of  Lake  Biol- 
ogy (1939).  A  fourth,  The  Cell  and  Proto- 
plasm, will  be  published  in  the  near  future. 
Five  symposia  have  been  published  in  the 
field  of  medicine  and  public  health — The 
Cancer  Problem  (1937),  Tuberculosis  and 
Leprosy  (1938),  Syphilis  (1938),  Mental 
Health  (1939)  and  The  Gonococcus  and 
Gonococcal  Infection  (1939),  and  two  have 
been  published  in  the  field  of  chemistry — 
Applications  of  Surface  Chemistry  in  Biol- 
ogy (1938)  and  Recent  Advances  in  Chemi- 
cal Physics  (1938). 

This  symposium,  as  in  the  case  of  earlier 
symposia,  was  planned  by  experts  in  its 
field  and  all  contributions  to  it  were  invited. 
Its  inception  was  due  to  Drs.  E.  C.  Stakman, 
R.  E.  Coker  and  E.  R.  Long,  who  had  been 
considering  the  subject  in  a  committee  of 
the  National  Research  Council,  of  which 
Dr.  Stakman  was  chairman.  Now  in  its 
completed  form  the  symposium  constitutes 
a  comprehensive,  authoritative  and  docu- 
mented exposition  of  what  has  been  learned 
and  what  needs  to  be  further  investigated 
in  an  important  and  relatively  new  field  of 
science. 

If  the  proper  study  of  mankind  is  man, 
the  proper  study  of  all  higher  plants  and 
animals  would  be  the  various  species  them- 
selves. But  recently  it  has  become  clear 
that  many  of  the  most  fundamental  prob- 
lems of  biology,  even  those  pertaining  to 
higher  plants  and  animals,  can  be  most 
effectively  attacked  on  the  plane  of  the  lower 
organisms.  Certainly  no  problem  is  more 
important  than  that  of  genetics.  "Whether 
a  human  or  a  protozoan,  a  tree  or  a  bac- 
terium, it  is  believed  to  be  its  genes  that 
determine  its  characteristics  and  the  nature 
of  its  offspring.  Moreover,  the  law  of  trans- 
mission of  genes  from  one  generation  to  the 
next  is  probably  essentially  the  same  in  all 
forms,  except  for  differences  due  to  two 
parents  instead  of  one. 


It  is  therefore  advantageous  to  investigate 
the  general  subject  of  genetics  in  low  forms 
in  which  a  thousand  successive  generations 
can  be  followed  instead  of  only  a  few.  For- 
tunately some  of  these  organisms  descend 
from  two  parents  and  others  from  one. 
Moreover,  some  simple  living  units,  such  as 
certain  kinds  of  viruses  and  bacteria  and 
rusts  of  wheat,  consist  of  large  numbers  of 
strains,  from  one  to  another  of  which  it 
seems  probable  that  mutations  are  most 
likely  to  occur  and  be  observed.  Although 
in  many  cases  different  strains  of  an  organ- 
ism are  morphologically  indistinguishable 
from  one  another  and  not  separable  by 
chemical  means,  such  as  staining,  their 
pathogenicity  to  their  hosts  are  often  so 
amazingly  specific  and  marked  that  they  can 
easily  be  identified  and  followed.  It  is  for 
this  reason  that  pathogenic  organisms  are 
much  more  advantageous  in  genetical  inves- 
tigations than  are  those  which  live  upon 
their  hosts  without  producing  serious  effects. 
And  the  specificity  of  microorganism  to 
hosts  emphasizes  the  importance  of  the 
whole  question  of  environment,  the  effects 
of  which  are  a  part  of  the  problem  of  varia- 
tion. 

Perhaps  in  the  practical  results  obtained 
in  breeding  farm  crops  that  are  resistant  to 
viruses  and  rusts  and  other  pathogenic 
organisms,  scientists  have  prepared  the  way 
for  investigations  that  in  the  long  run  will 
be  even  more  important  than  protecting  our 
food,  for  in  this  work  they  have  opened  new 
approaches  to  the  great  problem  of  inheri- 
tance and  evolution.  Man  is  naturally  more 
interested  in  his  own  species  than  in  any 
other  and  looks  anxiously  to  its  future.  It 
now  appears  that  he  is  most  likely  to  learn 
the  essentials  of  his  own  physical  being,  in- 
cluding the  principles  by  which  he  may 
eventually  direct  his  own  evolution,  from 
the  study  of  low  pathogenic  forms  of  life  of 
which  he  was  until  fairly  recently  quite 
ignorant  and  the  existence  of  which  he  even 
yet  generally  regards  as  a  misfortune  with- 
out one  compensating  advantage. 

F.  R.  Moulton 
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THE  NEED  FOR  RESEARCH  ON  THE  GENETICS 
OF  PATHOGENIC  ORGANISMS 

By  E.  C.  STAKMAN 
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AND  DIVISION  OF  PLANT  DISEASE   CONTROL,  BUREAU   OF  ENTOMOLOGY  AND  PLANT 

QUARANTINE,   U.    S.   DEPARTMENT   OF   AGRICULTURE 


There  is  urgent  scientific  and  practical 
need  for  extensive  investigation  of  the 
genetics  of  micro-organisms  that  cause  dis- 
eases of  man,  domestic  animals,  and  eco- 
nomic plants,  for  knowledge  of  the  genetics 
of  pathogens  has  lagged  behind  that  of  the 
organisms  they  attack. 

Studies  on  the  genetics  of  higher  organ- 
isms have  been  motivated  both  by  scientific 
curiosity  and  practical  necessity.  A  vast 
amount  of  genetic  research  has  been  done 
to  discover  the  laws  and  mechanisms  of  in- 
heritance and  to  gain  a  better  understand- 
ing of  organic  evolution.  But  much  has 
been  done  also  for  the  purpose  of  develop- 
ing sound  procedures  in  the  improvement 
of  crop  plants  and  domestic  animals.  It  is 
generally  recognized  that  "improving  the 
germ  plasm  of  plants  and  animals' '  can  be 
accomplished  effectively  and  efficiently  only 
by  application  of  the  principles  of  genetics. 
These  principles  are  indispensable  guides 
to  plant  and  animal  breeders,  and  they  must 
be  guides  also  to  pathologists  who  are  at- 
tempting to  improve  plants  and  animals 
through  the  control  of  certain  kinds  of 
diseases. 

How  much  is  known  about  the  genetics 
of  pathogenic  micro-organisms?  Far  less 
than  about  the  laws  of  inheritance  in  higher 
organisms.  This  may  be  due  partly  to  the 
relative  minuteness  of  most  pathogens,  with 
consequent  difficulty  in  experimental  ma- 
nipulation and  interpretation  of  results. 
But  the  blame  can  not  be  placed  entirely  on 
the  micro-organisms ;  some  of  it  attaches  to 
microbiologists.  However,  this  is  not  the 
place  to  indict  ourselves  but  to  take  stock 
of  what  we  know,  what  we  need  to  know, 
and  why  we  need  to  know  it. 

The  problem  of  the  genetics  of  patho- 


genic organisms  is  essentially  the  problem 
of  their  variation.  That  they  do  vary  and 
that  the  variation  sometimes  is  extremely 
important  is  common  knowledge.  But  how, 
how  much,  and  why  do  they  vary?  What 
are  the  limits  of  variation,  both  with  respect 
to  the  kind  and  magnitude  of  the  modified 
characters  and  with  respect  to  their  dura- 
tion ?  Is  the  variation  temporary  or  perma- 
nent ;  is  it  due  to  the  effect  of  environmental 
factors  or  to  genie  changes  either  induced 
by  the  environment  or  independent  of  it? 
Can  pathogenic  micro-organisms  adapt 
themselves  to  new  environmental  conditions 
merely  by  being  subjected  to  them?  Can 
pathogens  change  in  virulence  as  a  result 
of  host  influences?  Can  they  increase  in 
virulence  as  a  result  of  successive  passages 
through  a  given  host?  Is  the  change,  if  it 
occurs,  quite  temporary ;  is  it  in  the  nature 
of  a  Dauermodifikation;  or  is  it  permanent 
and  heritable?  Or  are  the  apparent 
changes  due  merely  to  natural  or  conscious 
selection  of  strains  from  a  mixed  popula- 
tion; and  do  new  strains  arise  as  a  result 
of  mutation  and  hybridization,  as  in  the 
higher  plants? 

Conclusions  regarding  the  nature  of 
variation  in  micro-organisms  are  justified 
only  if  the  initial  degree  of  genetic  purity 
of  the  cultures  is  known.  For  this  purpose 
neither  species  nor  the  pure  culture,  as  the 
terms  ordinarily  are  used,  has  any  real 
meaning.  It  seems  highly  probable  that 
erroneous  conclusions  often  have  been 
drawn  because  of  lack  of  recognition  of  this 
fact. 

We  are  just  beginning  really  to  appre- 
ciate what  a  species  is.  What  a  confedera- 
tion of  lines,  strains,  and  varieties  many 
species  are !    The  cultivated  Irish  potato  is 
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mostly  Solarium  tuberosum  L.    But  what 
an  array  of  varieties  within  the  species: 
white-flesh  varieties  and  yellow-flesh  varie- 
ties;   red-skin    and    white-skin    varieties; 
early  varieties  and  late  varieties;  several 
hundred  varieties  differing  in  morphologi- 
cal   or    physiological    characters    or    both. 
There  are  dozens  or  hundreds  of  varieties 
and  strains  of  most  crop  plants.    And  this 
is  not  only  because  man  has  attempted  to 
perpetuate  varieties  or  lines  within  culti- 
vated species.    The  more  thoroughly  species 
of  wild  plants  are  studied,  the  more  evident 
it  becomes  that  they  also  comprise  many 
distinct  varieties  or  strains.    This  is  becom- 
ing very  apparent  in  the  work  now  being 
done  to  improve  native  grasses.    Perhaps  a 
good   illustration   is   creeping   bent   grass, 
Agrostis  stolonifera  Hort.,  so  extensively 
used  for  golf  greens.     A  large  number  of 
strains  were  tested  before  relatively  few 
were  finally  selected  as  being  most  suitable. 
Two  of  the  most  beautiful  demonstrations 
of  strain  differences  within  species  of  higher 
plants  ever  seen  by  the  writer  were  with 
orchard  grass,  Dactylis  glomerata  L.,  and 
Scotch  pine,  Pinus  sylvestris  L.     At  the 
plant    breeding    station    at    Aberystwyth, 
Wales,  investigators  a  number  of  years  ago 
had  selected  from  the  vicinity  a  consider- 
able number  of  plants  of  orchard  grass  and 
propagated    them   vegetatively.       The    re- 
markable differences  between  the  resulting 
clonal  lines  and  the  relative  uniformity  of 
the  plants  within  each  line  made  an  indel- 
ible impression  regarding  the  composition 
of  a  species.     Not  only  did  the  lines  differ 
distinctly   in   morphologic    characters,   but 
some  were  so  susceptible  to  stripe  rust,  Puc- 
cinia  glumarum  Erikss.,  that  they  were  lit- 
erally yellow  with  rust,  while  others  were 
virtually  immune.      And  in  Germany  the 
writer  saw  comparable  plantings  of  Scotch 
pine,  from  seed  of  different  sources,  that 
were   so  distinct  from   each   other   that   a 
zealous    taxonomist    could    have    described 
several  species.      One  of  the  most  striking 
differences  was  in  reaction  to  the  leaf -cast 
disease:  Some  lines  were  highly  resistant 
and   others  completely  susceptible.      They 
differed  also  in  other  physiologic   charac- 


ters, including  rate  of  growth,  and  in  some 
morphologic  characters;  yet  they  had  in 
common  certain  morphologic  characters  that 
distinguished  them  from  all  other  species 
of  pines. 

It  is.  of  course,  banal  to  call  attention  to 
the  number  of  races  or  breeds  of  domestic 
animals  within  a  species:  cattle,  horses, 
sheep,  swine,  dogs.  The  breeds  differ 
greatly  in  morphologic  and  physiologic 
characters.  And  yet,  everyone  can  recog- 
nize a  horse  as  a  horse  and  a  cow  as  a  cow, 
although  he  may  not  know  to  what  breed  it 
belongs.  But,  if  he  wanted  to  start  a  dairy, 
he  would  be  wise  not  to  stock  his  farm  with 
Herefords. 

What  has  all  this  to  do  with  pathogenic 
micro-organisms?  It  is  a  platitude  that 
many  species  of  pathogenic  micro-organisms 
comprise  numerous  strains  that  may  differ 
in  cultural  characters  on  artificial  media, 
in  morphology,  in  general  physiologic  char- 
acters, or  in  pathogenicity.  This  is  illus- 
trated well  by  many  species  of  fungi  patho- 
genic to  plants,  two  of  which  may  be 
selected  as  examples. 

Puccinia  graminis  Pers.  causes  stem  rust 
of  wheat,  oats,  barley,  rye,  and  more  than  a 
hundred  cultivated  and  wild  grasses.  As 
early  as  1894  Eriksson  showed  that,  al- 
though the  rusts  from  different  plants  were 
essentially  alike  morphologically,  the  rust 
from  one  kind  of  host  might  not  necessarily 
infect  another  kind.  Eventually,  six  "  va- 
rieties" of  P.  graminis  were  recognized  in 
North  America.  One  of  these,  P.  graminis 
tritici  Erikss.  and  Henn.,  attacks  wheat, 
barley,  and  certain  wild  grasses  but  not 
oats,  rye,  and  certain  other  wild  grasses. 
The  tritici  variety,  therefore,  can  be  dis- 
tinguished easily  from  the  avenae  Erikss. 
and  Henn.  variety,  which  attacks  oats  and 
certain  wild  grasses  but  not  wheat,  barley, 
or  rye.  But  each  of  these  varieties  in  turn 
comprises  physiologic  races  that  can  be  dis- 
tinguished by  their  parasitic  effects  on  se- 
lected varieties  of  wheat  and  oats,  respec- 
tively. The  tritici  variety  comprises  at 
least  180  distinct  races  that  can  be  recog- 
nized by  the  degree  of  infection  they  pro- 
duce on  12  varieties  of  Triticum  spp.,  that 
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is,  wheat,  einkorn,  and  enimer.  Some  of 
these  races  have  been  found  in  North  Amer- 
ica, Europe,  and  Asia;  others  in  North 
America,  Australia,  and  New  Zealand.  Re- 
gardless of  their  source,  their  parasitic  ef- 
fects are  alike  and  distinctly  different  from 
those  of  other  races.  The  species  Puccinia 
graminis  comprises  six  varieties,  and  some 
of  these  varieties  in  turn  comprise  many 
physiologic  races.  For  taxonomic  pur- 
poses, then,  P.  graminis  means  something: 
it  means  a  pleomorphic  rust  fungus  that 
has  a  certain  life  history  and  certain  mor- 
phologic characters  that  distinguish  it  from 
other  species  of  rust  fungi.  But  for  patho- 
logic purposes,  P.  graminis  is  entirely  in- 
sufficient :  far  greater  refinement  of  analysis 
is  essential.  If  one  wants  to  know  what 
effect  the  rust  will  produce  on  a  given  host, 
a  variety  of  wheat,  for  example,  he  must 
deal  with  P.  graminis  tritici  physiologic 
race  21,  or  one  of  the  other  180  physiologic 
races  so  far  identified.  Race  21  attacks 
Marquis  wheat  and  the  durums  but  not 
Kanred.  Race  56  attacks  Marquis  and 
Kanred  but  not  the  most  commonly  grown 
varieties  of  durum.  The  writer  and  some 
of  his  associates  once  isolated  nine  different 
races  from  a  single  collection  of  rusted 
wheat  obtained  in  Egypt,  and  recently  they 
have  isolated  more  than  30  races  from 
two  barberry  bushes  (the  alternate  host  of 
P.  graminis).  What  spectacular  and  con- 
clusive evidence  could  have  been  obtained 
for  changes  in  virulence  had  a  series  of 
varieties  of  wheat  been  inoculated  without 
knowing  the  technics  for  recognizing  the 
different  races  of  rust!  And  considerable 
evidence  of  the  same  nature  could  have  been 
obtained  had  the  host  material  not  been 
relatively  pure. 

Ustilago  zeae  (Beckm.)  Ung.,  the  fungus 
that  causes  corn  smut,  is  another  good  ex- 
ample of  a  species  that  embraces  a  large 
number  of  strains.  It  is  almost  literally 
true  that  nearly  every  monosporidial  line 
that  is  isolated  from  nature  differs  some- 
what from  every  other  one.  Several  years 
ago  the  writer  and  several  associates  at- 
tempted to  determine  the  number  of  strains 
within  the  species.     Detailed  evidence  need 


not  be  given  here,  as  many  of  the  results 
have  been  published. 

However,  at  least  a  dozen  people  have  in- 
vestigated certain  phases  of  the  problem  at 
different  times  and  all  agree  that  the  num- 
ber of  strains  within  the  species  is  nothing 
short  of  astounding  and  would  be  almost 
unbelievable  unless  a  person  had  had  direct 
experience  with  them.  Furthermore,  it  has 
been  proved  by  means  of  breeding  tests  that 
these  lines  are  neither  temporary  variants 
nor  ecads,  but  are  genotypically  different 
from  one  another  (Stakman  et  at.  1933). 
The  only  conclusion  that  can  be  drawn  re- 
garding so  ordinary  a  plant  pathogenic 
fungus  as  Ustilago  zeae  is  that  the  species 
comprises  an  indefinite  number  of  biotypes 
that  differ  from  one  another  in  many  char- 
acters, including  cultural  characters,  rela- 
tion to  temperature,  biochemical  effects,  sex, 
and  pathogenicity.  And  yet  all  the  bio- 
types have  certain  characters  that  justify 
including  them  within  the  species.  If  one 
examined  merely  the  chlamydospores  and 
based  his  conclusions  on  their  size,  shape, 
and  wall  characters,  he  would  conclude  that 
U.  zeae  was  a  relatively  uniform  and  simple 
species.  But  he  would  be  very  much  in 
error. 

What,  then,  is  a  species?  In  the  writer's 
experience,  it  is  a  group  of  biotypes  that 
can  be  distinguished  with  reasonable  cer- 
tainty from  other  groups  of  biotypes.  Theo- 
retically, a  species  might  comprise  a  single 
biotype,  but  the  writer  has  not  had  experi- 
ence with  such  a  species  among  plant  patho- 
genic fungi.  Literally,  there  are  almost 
innumerable  biotypes  in  some  of  the  spe- 
cies. This  fact  is  interesting,  and  it  is  also 
extremely  important.  Certainly  in  prac- 
tical work  with  plant  diseases  it  is  necessary 
to  know  the  number  and  the  capabilities  of 
biotypes  within  a  species ;  and  gross  errors 
would  be  made  in  attempting  to  interpret 
many  important  pathological  phenomena 
without  such  information. 

"Biotype"  may  be  more  or  less  of  a  philo- 
sophical abstraction,  as  it  connotes  a  group 
of  individuals  with  exactly  the  same  genetic 
constitution,  and  the  difficulties  of  proving 
identity  of  genetic  constitution  are  obvious. 
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But  yet,  certain  biotypes,  physiologic  races 
of  Puccinia  graminis  for  example,  have 
been  maintained  for  more  than  ten  years 
and  their  behavior  throughout  that  period 
has  been  remarkably  consistent.  If  there 
are  many  biotypes  within  a  species,  differ- 
ing principally  in  physiologic  characters, 
including  pathogenicity,  what  constitutes  a 
pure  culture  and  how  can  it  be  obtained  ? 

The  implication  of  the  term  "pure  cul- 
ture" is  that  it  comprises  a  homogeneous 
group  of  individuals,  somewhat  like  a  pure 
line.       However,    this   definitely    and    dis- 
tinctly is  not  true  of  many  so-called  pure 
cultures.      For  genetic  purposes,  and  for 
many  practical   purposes,   a  pure  culture 
may  be  highly  impure.     Ordinary  dilution 
cultures  can  have  but  relatively  little  stand- 
ing in  genetic  investigations.    Even  a  mono- 
sporous  culture  may  contain  several  bio- 
types.    This  is  well  exemplified  by  many  of 
the  smut  fungi.      A  smut  culture  derived 
from  a  single  chlamydospore  is  likely  to 
contain  at  least  four  biotypes.      This  was 
not  known  before  the  sexual  nature  of  the 
chlamydospore  was  discovered.     Chlamydo- 
spores  are  diploid,  resulting  from  the  fusion 
of  nuclei  of  opposite  sex,  which  often  differ 
also  in  factors  other  than  those  for  sex. 
When   the   chlamydospores   of   such  smut 
fungi  as  Ustilago  zeae  germinate,  therefore, 
they  produce  a  promycelium  on  which  four 
haploid    sporidia    are    normally    formed. 
These  sporidia  may  be  of  four  kinds  on  the 
basis  of  all  characters  which  can  be  studied 
in  monosporidial   cultures   obtained   from 
them   as   a   result   of  vegetative   budding. 
What  conclusions  could,  therefore,  be  based 
on  studies  on  monosporous  cultures  of  the 
smut  fungi?     Such  cultures  almost  surely 
would  contain  several  haploid  biotypes,  sex- 
ual fusions  between  different  kinds  of  nuclei 
precedes  the  formation  of  chlamydospores 
in   inoculated   host   plants,    recombination 
and  segregation  could  occur;  and  the  lines 
obtained  from  the  chlamydospores  produced 
on  the  inoculated  plants  might  be  entirely 
different  from  those  that  were  inoculated 
into  the  plants. 

The  conidia  of  many  of  the  Fungi  Im- 
perfect!  are   multinucleate   and   in   many 


cases  the  origin  of  the  nuclei  is  unknown. 
It  is  quite  possible  that  if  the  nuclei  con- 
tain different  genetic  factors  there  may  be 
chance  assortment  in  cultures  derived  from 
single  spores;  thus,  starting  with  a  single 
spore,  a  person  may  wind  up  with  a  group 
of  biotypes  when  he  expected  to  have  only 
one.  If  conclusions  regarding  variation 
are  to  be  drawn  from  the  performance  of  a 
culture  derived  even  from  a  single  cell,  the 
nuclear  condition  and  the  potentialities  of 
the  cell  must  be  known.  Otherwise,  there 
is  no  justification  for  concluding  that  there 
has  been  heritable  change,  because  the 
change  may  be  due  to  the  selective  effect  of 
the  environment  on  the  biotypes  in  a  mixed 
population. 

Plant  pathogenic  fungi  have  been  accused 
of  doing  some  queer  things.  But  why 
should  they  not  do  queer  things  when  they 
often  are  a  queer  mixture  of  a  number  of 
queer  biotypes? 

It  is  not  always  easy  to  determine  the 
nuclear  condition  of  even  such  relatively 
large  objects  as  many  fungus  spores.  It 
is  true  that  the  nuclei  usually  can  be  seen 
and  their  number  determined,  but  it  often 
is  virtually  impossible  to  determine  the 
number  of  chromosomes,  and  consequently 
the  haploidy  or  diploidy  of  the  nucleus,  be- 
cause of  their  relatively  small  size.  The 
cytological  events  preceding  the  formation 
of  a  particular  kind  of  spore  must  be  known 
and  understood  and  the  behavior  of  the  par- 
ticular kind  of  spore  must  be  determined 
before  one  can  know  what  to  expect  of  cul- 
tures derived  from  it. 

How  much  can  be  said  for  pure  cultures 
of  bacteria  ?  Most  studies  on  bacteria  caus- 
ing diseases  of  plants,  human  beings,  and 
other  animals  have  been  made  with  cultures 
obtained  by  the  dilution  method,  often  from 
many  individuals.  In  some  recent  investi- 
gations single  individuals  have  been  iso- 
lated, but,  even  so,  what  is  the  genetic  con- 
stitution of  a  single  individual  ?  Is  the  life 
history  of  bacteria  as  simple  as  it  seems? 
Or  are  the  bacteria  pleomorphic  and  do 
some  of  them  have  relatively  complex  life 
cycles  ?  That  many  species  of  bacteria  com- 
prise strains  or  races  just  as  do  the  fungi 
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has  been  demonstrated  repeatedly.  Where 
did  these  strains  come  from?  How  many 
of  them  were  present  in  a  so-called  pure 
culture?  And  unless  there  is  assurance 
that  several  of  them  were  not  present  in  a 
"pure  culture,"  what  justification  is  there 
for  assuming  that  a  given  organism  changes 
decidedly  in  response  to  its  environment? 
Suppose  that  inoculations  were  made  with 
a  culture  containing  a  number  of  biotypes 
or  strains  or  races,  if  those  terms  are  pre- 
ferred to  the  term  biotype.  How  much 
change  is  there  likely  to  be  in  the  mixed 
population  as  a  result  of  exposing  it  to  dif- 
ferent environmental  conditions?  How  are 
attenuation,  increase  of  virulence,  or  the  de- 
velopment of  resistance  to  chemicals  to  be 
interpreted?  There  is  a  vast  difference, 
both  scientifically  and  practically,  between 
changing  the  potentialities  of  a  given  bio- 
type and  in  so  manipulating  a  culture  as 
to  favor  or  inhibit  the  development  of  cer- 
tain component  biotypes. 

That  apparent  increase  in  virulence  as  a 
result  of  host  influence  sometimes  is  due 
merely  to  perpetuation  of  certain  biotypes 
and  the  elimination  of  others  is  shown  con- 
clusively by  experience  with  certain  plant 
pathogenic  fungi.  This  can  be  illustrated 
with  many  of  the  rust  fungi  and  smut  fungi. 
If  the  differential  hosts  used  for  determin- 
ing physiologic  races  of  Puccinia  graminis 
tritici  are  inoculated  with  a  collection  of 
rust,  the  following  results  may  appear  on 
the  varieties  of  wheat  listed  below : 

Heavy,   abundant   infection 

Heavy,   abundant   infection 

A  few  pustules  only 

Virtually  immune 

If  the  rust  is  then  transferred  again  from 
Marquis,  the  same  result  would  be  obtained. 
If,  however,  it  is  transferred  from  the  few 
pustules  on  Kanred,  there  may  be  the  fol- 
lowing results : 

Little  Club        Heavy,   abundant   infection 

Marquis  Resistant 

Kanred  Heavy,   abundant   infection 

Arnautka  Heavy,   abundant   infection 

It  easily  could  be  concluded  that  the  rust  had 
changed  its  virulence  on  Kanred.  But  this 
is  not  what  has  happened.    In  the  original 


Little  Club 
Marquis 
Kanred 
Arnautka 


inoculum  there  was  a  small  amount  of  race 
38  and  a  very  large  amount  of  race  49 ;  race 
49  does  not  attack  Kanred,  but  race  38  does. 
Race  49  does  not  attack  the  durums  nor- 
mally, and  race  38  does.      As  Marquis  is 
moderately  to  highly  resistant  to  race  38, 
the  few  pustules  of  this  race  could  be  ob- 
scured by  the  heavy  development  of  race  49. 
The  rust  on  Kanred,  however,  would  be 
pure  38,  and  when  transfers  are  made  this 
race  would  not  have  to  compete  with  the 
others.     While  it  would  appear,  therefore, 
that  the  rust  has  lost  virulence  for  Marquis 
and  has  gained  it  for  Kanred,  as  a  result  of 
its  sojourn  on  Kanred,  the  fact  is  that  Kan- 
red has  merely  eliminated  one  biotype  from 
the  mixed  population  and  has  permitted  the 
development  of  the  other.    It  would  be  rash 
to  assert  that  all  experiences  of  this  type 
with   all   pathogenic   micro-organisms    are 
due  to  causes  similar  to  those  just  given. 
On  the  other  hand,  this  is  exactly  the  type 
of  thing  that  happens  so  commonly  that  it 
is  essential  to  eliminate  the  possibility  be- 
fore being  too  sure  that  the  pathogen  actu- 
ally has  changed. 

The  cardinal  fact  that  cannot  be  empha- 
sized too  strongly  is  that  one  must  know 
what  is  in  his  cultures,  even  though  he  calls 
them  pure  cultures,  before  assigning  the 
causes  for  certain  peculiar  behaviors.  This 
is  not  merely  theoretical:  it  would  be  pos- 
sible to  adduce  an  overwhelming  mass  of 
evidence  to  show  that  many  misinterpreta- 
tions have  resulted  from  just  such  situa- 
tions as  have  been  described  above.  It  may 
be  impossible  in  many  cases  to  know  the 
cytological  condition  of  single  cells  from 
which  cultures  are  obtained,  as  is  the  case 
with  bacteria,  for  example.  But  if  the 
cytological  conditions  cannot  be  determined, 
it  would  be  wise  not  to  draw  sweeping  con- 
clusions regarding  the  nature  of  what  has 
happened.  The  facts  may  be  clear,  but  the 
interpretation  of  those  facts  easily  can  be 
quite  erroneous. 

It  must  be  clear  from  the  above  that  many 
apparent  changes  in  the  capabilities  of 
micro-organisms  probably  are  not  changes 
in  the  sense  imputed  by  such  terms  as  at- 
tenuation, increase  in  virulence,  and  adap- 
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tation.  They  may  result  merely  from  the 
selection  or  reassortment  of  biotypes  in  a 
mixed  population.  And  many  of  these  bio- 
types differ  appreciably  in  physiological 
characters  only,  not  in  morphological  char- 
acters. Consequently,  the  demonstration  of 
their  existence  is  difficult  unless  the  proper 
differential  media,  differential  hosts,  or 
other  differential  agents  are  discovered. 

But  if  cultures  comprising  single  biotypes 
can  be  isolated  and  propagated,  is  there  still 
possibility  of  change  ?  Single  biotypes  will, 
of  course,  vary  under  different  environ- 
mental conditions.  This  phenotypic  varia- 
bility, however,  probably  is  so  clearly  un- 
derstood that  it  would  be  superfluous  to 
discuss  it  at  length.  Nevertheless,  it  may 
be  well  to  remember  that  pathogenic  micro- 
organisms often  are  grown  under  very  un- 
natural conditions,  and  the  variability  may, 
therefore,  be  very  great.  Alpine  forms  of 
the  ordinary  trembling  aspen  are  likely  to 
be  quite  different  in  size  and  general  habit 
from  plants  of  the  same  species  grown  in 
rich  soil  at  lower  elevations.  Such  varia- 
bility is  quite  obvious  to  the  eye.  The  va- 
riability of  micro-organisms  can  be  equally 
great,  but  the  difficulty  of  distinguishing 
between  phenotypic  variability  and  genetic 
variation  also  is  sometimes  very  great.  Con- 
sequently, it  is  important  to  determine  the 
limits  of  phenotypic  variability.  There  is 
a  more  important  question,  however.  Do 
the  results  of  this  variability  ever  become 
fixed  more  or  less  permanently  in  the  indi- 
viduals of  a  biotype?  Is  the  cytoplasm  or 
the  germ  plasm  of  the  organism  changed 
sufficiently  by  the  environment  to  be  more 
or  less  permanent?  Do  Bauer  modifika- 
tionen  occur? 

Whether  micro-organisms  acquire  new 
and  semi-permanent  or  permanent  poten- 
tialities as  a  result  of  environmental  condi- 
tions, including  host  influences,  has  long 
been  an  important  question.  A  number  of 
years  ago  it  seemed  to  have  been  settled  for 
certain  plant  pathogens,  but  it  has  again 
become  decidedly  unsettled.  There  was  a 
time  when  the  researches  of  such  eminent 
mycological  investigators  as  Marshall  Ward 
(1903),  Salmon  (1904),  Freeman  and  John- 


son (1911),  and  others  seemed  to  have 
proved  that  certain  plant  pathogenic  fungi 
could  adapt  themselves  to  resistant  plants 
merely  as  a  result  of  successive  transfers  to 
those  plants  or  to  "bridging  hosts. "  Ac- 
cording to  these  investigators,  if  plants  A 
and  B  were  inoculated  with  a  given  rust, 
with  A  susceptible  and  B  highly  resistant, 
it  was  possible  to  ' '  educate ' '  the  rust  to  in- 
fect B  normally,  merely  by  making  succes- 
sive transfers.  In  many  of  the  experiments 
the  time  required  was  short,  a  few  transfers 
sufficing  to  enable  the  rust  to  adapt  itself 
to  B.  There  seemed  to  be  conclusive  evi- 
dence also  that  if  species  or  varieties  A,  B, 
and  C  were  inoculated  with  the  rust,  with 
A  and  B  susceptible  but  C  resistant,  the 
rust  might  acquire  the  ability  on  B  to  at- 
tack C.  Host  B  would,  therefore,  be  a 
bridging  host,  the  assumption  being  that  it 
was  intermediate  taxonomically  between  A 
and  C.  A  theoretical  explanation  might  be 
that  the  rust  accumulated  certain  growth- 
promoting  substances  on  B  which  were  ab- 
sent in  C  and  which,  therefore,  might  be 
stored  in  sufficient  quantity  in  the  pathogen 
to  enable  it  to  grow  on  C.  The  difficulty 
with  even  this  theoretical  explanation  is 
that  growth-promoting  substances  should 
have  been  present  in  A  as  well  as  in  B  if  the 
rust  grew  normally  on  both  of  them.  Fur- 
thermore, since  the  newly  acquired  ability 
to  grow  on  C  was  supposed  to  be  relatively 
permanent,  either  C  or  the  pathogen  would 
have  to  produce  the  necessary  substances 
after  the  supply  obtained  from  B  had  been 
exhausted. 

However,  theoretical  refutation  of  the 
theory  of  bridging  and  adaptation  is  not 
necessary,  because  abundant  experimental 
evidence  has  been  obtained  that  rusts  do 
not  behave  in  the  manner  indicated,  pro- 
vided a  single  biotype  is  used  in  the  experi- 
ments. The  writer  and  others  made  very 
extensive  experiments  with  Puccinia  grami- 
nis  and  never  obtained  the  slightest  evi- 
dence of  adaptation  or  bridging.  They 
found,  however,  that  there  were  many  dif- 
ferent parasitic  races  of  some  of  the  rusts 
and  that  "adaptation"  and  "bridging" 
were  easily  explicable  on  this  basis. 
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Recently,  certain  experiments  by  Red- 
dick  and  Mills  (1938)  seem  to  indicate 
that  the  late-blight  fungus,  Phytophthora 
infest  am  (Mont.)  DeB.,  may  "  adapt"  itself 
to  resistant  varieties  of  potatoes.  However, 
Miiller  (1935),  in  investigating  the  same 
problem,  could  obtain  no  evidence  of  this 
type  of  effect.  A  dogmatic  statement  would 
be  unsafe  and  unscientific,  but  there  is  a 
mass  of  evidence  that  adaptation  and  bridg- 
ing do  not  occur  to  any  considerable  extent, 
at  least  in  some  plant  pathogens. 

If  micro-organisms  can  adapt  themselves 
to  new  environments,  it  ought  to  be  possible 
for  them  to  develop  tolerance  for  germicides 
and  other  chemicals.      There  is  some  evi- 
dence that  they  actually  do.     The  work  of 
Jollos  (1921)  on  the  production  of  Dauer- 
modifikationen  in  certain  protozoa  furnishes 
evidence  that  paramecia  acquire  the  ability 
to    tolerate    increasing    concentrations    of 
arsenic  if  grown  on  media  in  which  the 
amount  of  arsenic  is  gradually  increased. 
This  development  of  a  certain  ability  in  a 
certain  direction,  merely  by  creating  the 
environment  to  which  one  wishes  the  organ- 
ism to  adapt  itself,  is  highly  significant  if 
true.      Many  attempts  to  control  diseases 
might    then    defeat    their    own    purpose. 
Disease-resistant  varieties  of  plants  would 
not  remain  resistant  very  long,  because  the 
pathogen  would  adapt  itself  to  them.      In 
human  and  animal  pathology,  chemother- 
apy might  in  the  long  run  defeat  its  own 
purpose,  because  it  would  merely  result  in 
the  acquisition  by  the  pathogen  of  resis- 
tance to  the  chemicals  used.     Is  it  possible 
that  the  explanation  for  observed  facts  is 
different  from  that  often  given?      Critical 
researches    on    the    subject    are    urgently 
needed.      Again,  the  writer  would  like  to 
emphasize  the  fact  that  little  reliance  can 
be  placed  on  the  interpretation  of  results  on 
variation  unless  the  genetic  purity  of  the 
organism  involved  is  assured.      But  can  it 
ever  be  assured?     Even  if  experiments  are 
started  with  single  biotypes,  that  is,  pure 
lines   of   the   micro-organism,   is   mutation 
likely  to  occur  f 

Mutation  is  almost  unbelievably  common 
in    certain    fungi.       Probably    the    surest 


method  of  getting  a  single  biotype  of  a 
plant  pathogenic  fungus  would  be  to  isolate 
a  single  sporidium  of  one  of  the  smut  fungi. 
It  consists  of  a  single  cell,  is  usually  hap- 
loid,  and  propagates  vegetatively  by  bud- 
ding in  a  yeast-like  manner.     And  yet  one 
can  have  assurance  that  a  culture  resulting 
from  a  monosporidial  isolation  is  a  single 
biotype  only  if  there  is  no  mutation.    There 
is  an  overwhelming  mass  of  evidence  that 
hundreds  of  mutants  can  be  isolated  within 
a  relatively  short   time   from   cultures   of 
what  originally  comprised  a  single  biotype. 
While  the  mutations  usually  result  in  the 
loss  of  one  or  more  characters,  there  some- 
times appears  to  be  a  gain,  either  direct  or 
indirect.     If  the  mutation  is  due  to  chromo- 
somal aberration,  it  is  quite  possible  for  the 
mutant  to  acquire  additional  ability  as  a 
result  of  gaining  part  of  a  chromosome  or 
as   a   result   of   chromosomal   interchange, 
with  consequent  changes  in  the  relative  po- 
sitions of  genes,  or  through  the  loss  of  an 
inhibitor.      However,   theoretical   specula- 
tions are  not  so  important  as  facts  for  pres- 
ent purposes.      The  really  important  fact 
is  that  mutation  has  been  demonstrated  to 
occur  with  such  frequency  in  many  fungi 
that  caution  is  advisable  in  drawing  conclu- 
sions regarding  adaptive  changes.      It  is 
true  that  certain  environmental  factors  may 
stimulate  mutation,  but  the  mutants  are  not 
necessarily  better  adapted  to  the  environ- 
ment which  stimulated  their  creation.    Ob- 
viously, if  there  are  several  mutants  in  a 
new  environment,  only  those  fit  to  survive 
in  that  environment  will  survive,  and  the 
others  will  be  eliminated.     It  may  appear, 
therefore,  that  the  environment  has  exerted 
a  directive  influence;  and  in  one  sense  it 
has,  but  certainly  not  in  the  sense  ordinarily 
imputed  by  such  words  as  education  and 
adaptation. 

One  of  the  papers  in  this  symposium  deals 
specifically  with  the  subject  of  mutation; 
therefore,  further  details  will  not  be  given 
here.  The  writer  does  not  wish  to  be  under- 
stood as  even  intimating  that  mutation 
accounts  for  all  of  the  observed  facts  in 
connection  with  changes  in  cultures  of 
pathogenic  micro-organisms.     He  does  wish 
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to  be  understood,  however,  not  only  as  say- 
ing but  as  insisting  that  the  degree  of  muta- 
bility of  an  organism  must  be  known  before 
it   is   safe   to    conclude   that   it   has   been 
changed  by  the  environment  in  such  a  way 
as  to  enable  it  to  live  more  successfully  in 
that  environment.      There  is  a  wide  differ- 
ence between  believing  that  an  organism  can 
be  bent  to  the  will  of  man  by  subjecting  it 
to  certain  environments  and  believing  that 
certain  environments  may  induce  genetic 
changes  the  products  of  which  may  or  may 
not  be  better  suited  to  the  new  environment. 
Loss  in  virulence  of  certain  organisms  on 
culture  media  and  the  regaining  of  viru- 
lence on  appropriate  hosts  often  have  been 
recorded.      This  could  conceivably  be  due 
to  the  presence  of  growth-promoting  sub- 
stances in  the  host  plant  but  not  in  the  cul- 
ture medium.     Since  these  substances  may 
be  effective  in  very  minute  quantities,  it  is 
quite  possible  that  the  pathogenic  phase  of 
the  organism  might  store  up  enough  to  en- 
able it  to  grow  saprophytically  until  the 
supply  of  the  substance  in  question  had 
been  exhausted.      It  would  then  be  neces- 
sary to  grow  the  organism  in  the  host  long 
enough  to  enable  it  to  replenish  its  supply. 
This  is  a  theoretical  possibility  and  may  be 
fact.     However,  the  writer  knows  of  abun- 
dant evidence  to  indicate  that  apparent  loss 
in  virulence  sometimes  has  been  due  to  the 
production  of  fast-growing  relatively  non- 
pathogenic mutants.    The  fast-growing  mu- 
tant may   suppress   the   original   virulent 
biotype  to  such  an  extent  that  very  little  of 
the  original  is  left  in  the  culture.     One  or 
more    transfers    to    the    appropriate    host 
would  obviously  tend  to  eliminate  the  less 
virulent  mutant  and  permit  the  more  viru- 
lent type  to  increase.     On  isolation,  there- 
fore, the  original  virulent  biotype  would  be 
recovered  and  there  would  be  strong  likeli- 
hood that  the  less  virulent  one  might  be  lost 
completely. 

Obviously,  one  of  the  very  important 
causes  of  genetic  variation  is  hybridization. 
Unfortunately,  little  or  nothing  is  known 
about  sexual  stages  in  some  pathogenic 
micro-organisms ;  possibly  sexual  reproduc- 
tion does  not  occur  in  some  of  them.    On  the 


other  hand,  it  definitely  is  of  the  greatest 
importance  in  some  cases.  Some  of  the 
fungi  that  cause  diseases  of  plants  are 
pathogenic  only  in  the  dikaryophase,  that 
is,  after  plasmogamy  and  before  karyogamy. 
In  general,  the  smut  fungi,  for  example, 
cause  infection  only  after  lines  of  opposite 
sex  have  united.  This  is  the  subject  of  a 
special  paper  in  this  series,  and  it  is  un- 
necessary, therefore,  to  give  details.  How- 
ever, as  evidence  of  the  number  of  biotypes 
that  can  result  from  fusions  between  hap- 
loid  monosporidial  lines,  the  writer  and  his 
associates  once  crossed  two  such  lines  of 
Ustilago  zeae  and  obtained  about  40  segre- 
gates from  the  resulting  hybrid,  no  two  of 
which  were  alike,  not  even  the  parental 
types  being  recovered. 

It  seems  scarcely  necessary  to  emphasize 
the  practical  importance  of  more  extensive 
and  precise  knowledge  regarding  the  genet- 
ics of  pathogenic  micro-organisms.  Such 
knowledge  is  essential,  in  many  cases,  in 
understanding  the  course  of  development  of 
epidemics.  It  is  important  in  vaccine 
therapy,  probably  often  in  sero-therapy, 
in  chemo-therapy,  and,  in  the  case  of  plant 
diseases,  it  is  of  the  greatest  importance  in 
the  breeding  of  resistant  varieties,  and 
probably  is  important  also  in  some  cases  in 
control  by  the  use  of  fungicides.  The  whole 
subject  is  fascinating  scientifically  and  is  so 
important  practically  that  it  should  be  in- 
vestigated basically  and  thoroughly.  In 
attempts  to  control  those  diseases  caused  by 
micro-organisms,  the  aim  is  to  eliminate  the 
pathogen  or  to  prevent  its  destructive  devel- 
opment. Surely  this  can  be  done  best  if  the 
limits  of  variability  and  variation  of  the 
pathogen  are  known. 
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The  question:  What  is  a  virus?,   is  a 
familiar  one,  frequently  put  and  still  await- 
ing answer.      Are  viruses  living  or  dead, 
animate,  inanimate,  particulate,  biological 
or  biochemical  elements,  agents,  transmit- 
ters, enzymes,  ferments,  catalysts,  or  what? 
Without  knowing  what  a  virus  truly  is,  con- 
siderable knowledge  regarding  the  proper- 
ties and  characteristics  of  some  of  the  vi- 
ruses has  been  gained.     It  can  be  said  that 
a  virus  is  a  filterable,  infective  agent,  invis- 
ible under  the  microscope;  hence  the  term 
ultramicroscopic,  filterable  viruses.     "  Fil- 
terable ' '  can  have  only  a  relative  sense  and 
meaning,  being  dependent  upon  the  nature 
of  the  filter  and  its  density,  the  physical 
properties   of  the   fluid  material,    electric 
charges,  and  other  factors.    Moreover,  some 
micro-organisms  have  filterable  phases  or 
forms  in  their  life  cycles.     The  belief  that 
viruses  are  living  agents  rests  mainly  on  the 
fact  that  they  are  capable  of  multiplication 
and  adaptation  in  the  living  body  and,  in 
vitro,  in  the  presence  of  living  cells.    Some 
viruses  are  infective  for  susceptible  animals 
in  very  high  dilutions.    They  are  titratable 
and  the  minimum  infective  dose  can  be  de- 
termined by  tests  on  suitable  laboratory 
animals    according    to    standardized    tech- 
nique.    When  an  animal  or  a  living  chick 
embryo  is  infected  with  1  to  10  minimal 
doses,  with  ensuing  fatal  results,  it  is  found 
that  the  virus  has  reproduced  itself  in  rela- 
tively enormous  quantities,  a  small  frag- 
ment of  tissue  yielding  billions  of  infective 
doses.      Perpetuation  of  the  virus  and  its 
multiplication    at    each   successive    animal 
passage  can  be  carried  forward  at  will  for 
unnumbered  generations  or  passages.    Ani- 
mals which  have  recovered  from  a  virus 
disease    or    which    have    survived    experi- 
mental infection  with  a  virus  of  modified 
or  attenuated  activity  are  more  or  less  im- 
mune to  subsequent  infection  with  the  same 


virus.    In  such  cases  the  serum  may  contain 
anti-viral  bodies  capable  of  neutralizing  the 
activity  of  the  corresponding  virus  in  vivo 
and  in  vitro.    A  striking  feature  of  many 
of  the  viruses  is  their  power  of  adaptation 
to  foreign  hosts  and  changed  environment. 
Evidence,  so  briefly  indicated  in  the  fore- 
going, of  reproduction,  multiplication,  ad- 
aptation and  the  development  of  anti-viral 
bodies   and   immuno-biological   reactions — 
corresponding  to  similar  evidence  in  respect 
to  living  bacteria — f  orms  the  basis  of  belief 
in  the  living  nature  and  particulate  state 
of  viruses  from  animal  sources.      But  no 
virus  from  such  sources  has  yet  been  ob- 
tained in  a  pure  state  or  dissociated  from 
its  coexistence  with  and  dependency  upon 
the  complex  proteins  and  molecules  of  liv- 
ing tissue  cells.     Until  that  has  come  about 
by  cultivation  in  artificial  media  in  the  ab- 
sence of  living  matter  and  more  exact  cri- 
teria are  available  for  determining  the  size, 
structure   and   physical   properties   of   vi- 
ruses,  their   origin,   nature   and  mode   of 
development  lie  in  obscurity  and  are  open 
to  doubt  and  question,  and  to  new  ideas  and 
conceptions. 

Certain  virus  diseases  are  associated  with 
the  formation  of  bodies  generally  referred 
to  as  cell  inclusions,  or  virus  bodies,  occur- 
ring in  the  cell  cytoplasm  or  in  the  cell 
nucleus  or  in  both  cytoplasm  and  nucleus. 
They  are  more  or  less  pleomorphic,  of  vari- 
ous kinds  and  types,  differently  situated 
within  the  cell  and  peculiar  to  certain  types 
of  cell.  Among  the  best  known  examples 
there  may  be  mentioned  (1)  Negri  bodies, 
occurring  within  the  ganglion  cells  of  the 
brain,  particularly  in  Ammon's  horn,  of 
animals  affected  with  rabies ;  (2)  Guarnieri 
bodies,  within  the  epidermal  cells  in  lesions 
of  vaccinia  and  sheep  pox;  and  (3)  Bol- 
linger bodies,  within  the  epidermal  cells  of 
lesions  of  fowl  pox.  The  nature,  signifi- 
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cance  and  relationship  of  these  and  other 
like  inclusion  bodies  to  the  specific  virus 
with  which  they  are  associated  is  a  much 
discussed  question.  Their  presence  or  ab- 
sence may  be  of  much  diagnostic  impor- 
tance. Some  authorities  are  inclined  to 
believe  that  the  inclusion  bodies  and  the  vi- 
rus are  one  and  the  same,  or  that  the  inclu- 
sions are  bodies  which  produce  the  virus. 
Others  view  the  inclusions  as  degeneration 
products  of  cells  attacked  by  virus.  They 
are  not  to  be  observed  in  all  virus  diseases 
but,  in  fact,  only  in  the  minority.  They  are 
found  mostly  in  association  with  neuro- 
tropic and  dermotropic  viruses;  and  but 
rarely  and  doubtfully  in  typical  septi- 
caemic  and  viscerotropic  virus  diseases. 

Selective  affinity  for  one  of  the  body  tis- 
sues of  its  host  is  a  striking  characteristic 
of  certain  viruses  as,  for  example,  the 
neurotropic  viruses  of  rabies,  equine  en- 
cephalomyelitis and  louping-ill  of  sheep, 
and  the  dermotropic  viruses  of  pox  dis- 
eases. In  these  the  viruses  appear  to  mul- 
tiply only  in  the  tissues  attacked :  the  brain 
and  spinal  cord,  the  skin  and  mucous  mem- 
branes, according  to  the  selective  affinities 
of  the  respective  viruses.  On  the  other 
hand,  in  the  virus  diseases  that  occur  as 
acute,  generalized  infections,  such  as  hog- 
cholera,  South  African  horse-sickness,  in- 
fectious equine  anaemia,  distemper  and  in- 
fluenza, the  causative  viruses  multiply  in 
the  circulating  blood  and  viscera  and  are 
there  found  in  greatest  concentration. 

There  do  not  appear  to  be  any  signifi- 
cant differences  between  virus  and  bacterial 
diseases  in  the  manner  of  their  occurrence 
and  their  wide  range  and  variability  in 
respect  to  contagiousness,  inf  ectivity,  points 
of  attack,  clinical  manifestations,  selectiv- 
ity and  immunity.  As  regards  allergy  and 
hypersensitivity  to  virus  disease,  little,  if 
anything,  is  known  and  the  question  does 
not  appear  to  have  been  explored,  owing, 
probably,  to  the  difficulties  in  preparing 
suitable  test  reagents. 

Ample  evidence  has  been  produced  to 
show  that  a  specific  virus  disease  can  be 
caused  by  strains  or  types  of  virus  im- 
munologically distinct.     This  is  well  recog- 


nized and  exemplified  in  foot-and-mouth 
disease  which  is  caused  by  at  least  three 
virus  strains,  in  South  African  horse-sick- 
ness with  its  six  or  more  virus  strains,  and 
in  equine  encephalomyelitis  with  its  so- 
called  Eastern  and  Western  types  or 
strains.  Recovery  from  a  specific  virus  in- 
fection leaves  more  or  less  immunity  against 
reinfection  with  the  same  virus.  But 
where  the  virus  is  represented  by  a  plural- 
ity of  strains,  high  protection  or  solid  im- 
munity prevails  against  only  one  strain. 
Protection  will  be  slight  or,  at  best,  only 
partial  against  other  strains  of  the  same 
group.  A  solid  immunity  against  the  ho- 
mologous strain  may  therefore  prove  inef- 
fective against  heterologous  strains.  The 
coming  into  existence  and  development  of 
immunologically  distinct  strains  of  a  virus 
may  well  be  conceived  as  being  brought 
about  by  changed  environment,  animal  host 
species  and  mode  of  adaptation.  Knowl- 
edge of  the  multiplicity  of  virus  strains  is 
growing  and  it  is  probable,  as  investigations 
continue,  that  a  much  greater  number  than 
at  present  recognized  will  be  uncovered. 

One  of  the  greatest  handicaps  in  the 
study  of  viruses  has  been  the  difficulty  in 
transmitting  them  and  propagating  them  in 
laboratory  experimental  animals.  But  this 
is  being  overcome  with  increasing  knowl- 
edge of  the  susceptibility  of  the  guinea  pig, 
rabbit,  white  mouse  and  ferret  to  certain 
virus  infections  and  of  the  behavior  of  such 
viruses  in  these  animals  and  in  the  develop- 
ing chick  embryo.  Even  now  there  may  be 
more  or  less  difficulty  in  making  the  initial 
transfer  from  the  natural  to  the  experi- 
mental host  and  in  obtaining  the  first 
"take,"  which  may  cause  little  health  dis- 
turbance or  escape  observation.  But  after 
a  few  serial  passages  the  virus  adapts  itself 
to  the  new  host  and  environment  with,  as  a 
rule,  increasing  pathogenicity.  With  some 
viruses  and  experimental  animals  only  a 
few  passages  or  generations  are  required, 
and  with  others  many,  for  the  attainment 
of  fixed  virulence  and  type.  With  certain 
viruses,  such  as  those  of  South  African 
horse-sickness,  and  yellow  fever  of  man,  the 
phenomenon  of  changing  a  typical  viscero- 
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tropic  into  a  fixed  neurotropic  virus  occurs 
as  a  result  of  intercranial  inoculations  in 
serial  passage,  particularly  in  white  mice. 
Moreover,  it  would  appear  that  the  type  of 
virus  which  has  been  developed  by  adapta- 
tion and  fixation  in  the  experimental  host 
is  maintained  and  is  not  reversed  when  re- 
introduced to  the  original  host.  Further 
modification  is  indicated  by  the  observation 
that  a  virus,  which  has  attained  its  highest 
possible  virulence  in  the  passage  animal 
and  kills  it  in  a  given  period  of  time,  is 
generally  less  infective  and  pathogenic  for 
its  original  host  than  before  its  change  of 
type  and  environment. 

In    our    own    distemper    studies,    virus 
strains  originating  from  the  fox,  mink  and 
dog  have  been  maintained  for  a  number  of 
years  by  continuous  serial  passage  in  fer- 
rets.   Some  minor  differences  in  their  infec- 
tivity  and  pathogenicity  were  apparent  at 
the  time  they  were  first  obtained,  but  none 
could  be  observed  after  serial  passage  in 
ferrets.     And,   while  the  strains  are  evi- 
dently fixed  at  their  highest  virulence  for 
ferrets,  these  animals  invariably  succumb- 
ing to  inoculation  between  the  10th  and  the 
14th  day  following,  usually  between  the 
11th  and  the  13th  day,  it  is  rarely  possible 
to  produce  clinical  distemper  with  them  in 
either  dogs  or  foxes  which  were  raised  under 
strictly   controlled   conditions   and   which, 
theoretically,    should    be    uniformly    and 
highly  susceptible  to  the  disease.     Thus, 
viruses  that  change  in  type  and  reach  high- 
est virulence  in  the  passage  animals  may, 
at  the  same  time  and  in  the  same  process, 
become  greatly  attenuated  for  the  original 
host  species.    Much  practical  use  is  being 
made  of  this  in  the  preparation  of  living, 
attenuated   viruses   for   prophylactic    and 
immunization  purposes  from  the  brain  tis- 
sues of  white  mice  and  the  embryonic  tis- 
sues of  the  developing  chick. 

Experimenting  with  the  virus  of  equine 
encephalomyelitis,  we  succeeded  after  sev- 
eral failures  in  establishing  it  in  guinea 
pigs  by  intracranial  inoculations '  of  natu- 
rally infected  horse  brain.  After  a  few 
passages  it  attained  high  virulence  and 
appeared  fixed  as  a  neurotropic  virus  for 


guinea   pigs.     By   similar   procedure   the 
guinea  pig  strain  was  established  and  fixed 
in  white  mice  and,  in  turn,  the  mouse  strain 
in  the  chick  embryo.    The  comparative  in- 
activity and  virulence  of  the  three  strains 
so  developed  in  the  guinea  pig,  mouse  and 
chick  embryo,  respectively,  are  of  signifi- 
cance.    Titrating  the  virus-containing  tis- 
sues of  these  animals  in  dilutions  carried 
to  1 :  100,000,000  using  0.1  cc  of  each  dilu- 
tion as  the  volumetric  dose  for  inoculation, 
the  minimal  infective  dose  of  the  guinea  pig 
virus  is  represented  as  1 :  1000,  the  mouse 
virus  as  1 :  100,000  and  the  chick  virus  as 
1 :  100,000,000.    That  is  to  say :  the  guinea 
pig  virus  has  50-100  times  greater  concen- 
tration and  inf  ectivity  than  the  horse  virus, 
the  mouse  virus  100  times  that  of  the  guinea 
pig  virus,  and  the  chick  virus  1000  times 
that  of  the  mouse  virus.     However,  such 
striking   differences   are   probably   due   to 
qualitative  as  well  as  quantitative  factors; 
and  the  former,  more  difficult  to  put  in 
evidence  and  to  recognize,  may  be  of  no  less 
importance   in  virus   investigations,   espe- 
cially  in    their    relationship    to    antibody 
production,  serum-virus  neutralization  and 
immunity  reactions,  than  the  latter.    It  has 
already  been  demonstrated  that  the  chick 
embryo  strain  of  encephalomyelitis  virus 
can  be  utilized  for  immunization  purposes 
far  more  effectively  than  the  other  strains. 
But  whether  this  is  due  alone  to  the  great 
concentration  of  the  virus  in  the  chick  em- 
bryo or  to  the  concentration  together  with 
a  change  in  the  character  of  the  virus  itself, 
acquired  by  sojourn  in  the  chick  embryo, 
is  at  present  an  open  question. 

One  more  virus  disease  may  be  mentioned 
in  concluding  this  short  discussion,  namely, 
infectious  equine  anaemia,  which  has  points 
of  special  interest.  It  is  a  highly  infective 
but  non-contagious  disease,  septicaemia-like 
in  character,  appearing  in  either  an  acute 
or  chronic  form  and  marked  by  recurring 
febrile  periods  which,  in  the  early  stages, 
take  place  at  remarkably  regular  intervals 
of  approximately  21  days  and  are  sugges- 
tive of  a  cycle  not  unlike  that  of  certain 
protozoan  infections.    The  virus  is  present 
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and  apparently  multiplies  in  the  circulating 
blood  and  has  no  known  special  affinities 
for  cellular  tissues.  The  minutest  quantity 
of  blood  will  transmit  infection  and  disease 
to  a  healthy  horse,  and  this,  with  other 
observations,  has  led  to  the  strong  suspicion 
that  an  insect  host  or  vector  is  responsible 
for  the  natural  transmission  of  the  disease. 

Horses  which  recover  from  the  disease, 
and  they  are  many,  are  apparently  immune 
from  further  attack  but  may  carry  the  virus 
in  their  blood  for  the  rest  of  their  natural 
lives  and  thus  become  virus  reservoirs.  As 
an  instance,  a  horse  which  had  recovered 
from  the  naturally  contracted  disease  when 
about  five  years  of  age,  lived  the  remainder 
of  its  life  at  one  of  our  research  stations, 
passing  20  years  of  age.  At  intervals  dur- 
ing that  whole  period  its  blood  proved 
highly  infective  for  horses  and  reproduced 
the  typical  disease.  The  fact  that  appar- 
ently normal  healthy  horses  may  be  and 
frequently  are  carriers  of  infectious- 
anaemia  virus  is  not  to  be  overlooked  when 
horses  are  used  for  the  production  of  anti- 
sera  intended  for  either  human  or  animal 
use. 

Inability  to  infect  any  species  of  labora- 
tory animal  or  to  propagate  the  virus  of 


infectious  equine  anaemia  under  laboratory 
conditions  has  hindered  the  investigations 
we  have  carried  on  for  25  years.  But  with 
improved  methods  of  study  recently  intro- 
duced and  experience  gained  with  regard 
to  susceptibility  of  mouse,  ferret  and  chick 
embryo  to  virus  infections,  there  are  in- 
creasing possibilities  of  propagating  this 
virus  in  the  laboratory  and  of  studying  it 
to  better  effect. 

Many  other  diseases  in  which  the  etiolog- 
ical agent  is  filterable  and  ultramicroscopic 
occur  in  North  America.  Many  more,  un- 
known on  the  North  American  Continent, 
are  frequent  in  either  Europe,  Asia  or 
Africa.  These  virus  diseases  are  just  as 
important,  economically,  as  the  diseases  of 
known  bacterial  origin,  with  which  they 
have  much  in  common.  The  view  that 
viruses  are  animate,  particulate  elements 
and  agencies  appears  to  be  well  taken  and 
doubtless  will  be  held  until  satisfactory 
evidence  to  the  contrary  has  been  produced. 
Their  orderly  classification,  powers  of  mul- 
tiplication and  adaptation,  as  well  as  other 
inherent  properties  and  affinities  will  for  a 
considerable  time  to  come  hold  the  attention 
of  virologists  and,  perhaps,  the  interest  and 
scrutiny  of  geneticists. 
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Researches  on  virus  diseases  of  plants 
have  usually  included  studies  on  the  be- 
havior of  the  viruses  as  disease-producing 
agents.     Except  for  statements  that  they 
may  be  passed  in  series,  little  mention  has 
been  made  of  either  the  progenitors  or  the 
progenies  of  plant  viruses.     The  possibility 
of  investigating  the  genetics  of  these  agents 
was  not  seriously  considered  ten  years  ago. 
Although  the  existence  of  variant  strains  of 
different  virus  diseases  has  been  recognized 
for  some  time  (Bennett  1930 ;  Carsner  1925 ; 
Carsner  and  Lackey  1928;  Johnson  1926; 
Kerling  1933;  Kunkel  1932;  Lackey  1929, 
1929a;  Storey  and  McClean  1930;  Storey 
1931,  and  Thung  1932),  not  much  had  been 
learned  until  recently  regarding  the  origin 
and  nature  of  the  strains.     The  work  on 
mutations  in  tobacco-mosaic  virus   (Jensen 
1933;   McKinney   1926,    1929),    cucumber- 
mosaic  virus   (Hoggan  1935;  Price  1934), 
potato-X    virus     (Bohme    1933;    Salaman 
1933),  and  a  few  other  viruses  has  served 
to  focus  attention  on  the  frequency  with 
which  variants  arise.     It  has  also  served  to 
show  the  nature  of  variant  strains  and  the 
limits  within  which  they  seem  to  be  confined. 
I  shall  attempt  to  summarize  briefly  what  is 
known  regarding  the  origin  and  nature  of 
strains  of  tobacco-mosaic  virus  and  to  report 
the  results  of  studies  on  the  frequency  with 
which  certain  kinds  of  strains  appear  in  the 
progenies  of  this  and  closely  related  viruses. 
As  is  well  known,  tobacco-mosaic  virus 
multiplies  at  a  rapid  rate  in  susceptible  cells. 
Large  numbers  of  particles,  which  we  as- 
sume to  be  exactly  like  those  that  were  pres- 
ent in  the  original  inoculum,  because  they 
are  capable  of  causing  typical  tobacco  mo- 
saic, are  produced.     When  serial  transfers 
are  made  to  tobacco  plants,  the  disease  ob- 
tained remains  unchanged  regardless  of  the 


length  of  the  series,  provided  a  fairly  large 
dose  of  virus  is  used  in  making  each  trans- 
fer. If,  however,  a  minimal  infective  dose 
is  used  at  each  transfer,  the  series  can  not  be 
carried  indefinitely  without  change  in  the 
type  of  disease  produced.  Sooner  or  later 
tobacco  mosaic  will  be  lost  and  a  new  type 
of  disease  will  appear.  The  new  disease  will 
be  caused  by  a  virus  which  can  be  shown  by 
serological  and  immunological  tests,  as  well 
as  by  pathological  studies,  to  be  closely  re- 
lated to  the  virus  of  tobacco  mosaic. 

Experiments  have  demonstrated  that, 
when  virus  in  juice  from  a  diseased  tobacco 
plant  that  has  been  inoculated  with  tobacco- 
mosaic  virus  only  and  has  shown  symptoms 
for  about  one  month  is,  after  proper  dilu- 
tion, plated  out  on  leaves  of  Nicotiana  glu- 
tinosa  L.  and  subinoculations  are  subse- 
quently made  to  healthy  tobacco  plants  from 
the  individual  lesions  that  develop,  an  aver- 
age of  about  one  plant  in  each  200  inocu- 
lated will  come  down,  with  a  disease  that  is 
distinct  from  tobacco  mosaic.  The  other 
plants  will  come  down  with  typical  tobacco 
mosaic.  If  the  juice  from  which  platings 
are  made  is  from  a  plant  that  has  been  dis- 
eased for  only  a  short  period  of  time,  the 
subinoculations  may  give  less  than  \  per 
cent  of  variants.  If  it  is  from  a  plant  that 
has  been  diseased  for  several  months,  they 
may  give  1  or  2  per  cent  of  variants.  The 
variants  obtained  by  this  minimal  dose 
method  of  inoculation  are  of  many  different 
kinds.  Some  are  diseases  that  are  much 
milder  than  tobacco  mosaic,  others  diseases 
that  are  more  severe;  some  are  green  mo- 
saics, others  yellow  mosaics;  some  spread 
rapidly  through  the  plant  tissues,  while 
others  spread  very  slowly. 

The  results  are  interpreted  as  evidence 
that  a  small  percentage  of  the  virus  par- 
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tides  produced  in  sick  plants  are  unlike 
those  used  to  inoculate  the  plants.  It  seems 
evident  that  the  tobacco-mosaic  virus  par- 
ticle gives  rise  to  two  types  of  progenies,  a 
large  progeny  that  is  apparently  exactly 
like  itself  and  a  smaller  progeny  that  is 
distinctly  different.  As  virus  is  passed  from 
plant  to  plant  by  ordinary  methods  of  in- 
oculation, the  unlike  progeny  is  overgrown 
by  the  like  progeny  and  the  disease  type 
remains  constant  indefinitely.  This  results 
apparently  from  the  constancy  of  the  selec- 
tive environment  rather  than  from  lack  of 
variability  in  the  progeny  of  tobacco-mosaic 
virus. 

In  order  to  survive  and  produce  disease, 
the  variants  must  be  isolated  from  the  virus 
of  tobacco  mosaic.  It  should  be  clearly 
understood  that  the  method  used  to  isolate 
variants  has  nothing  whatever  to  do  with 
their  production.  They  arise  repeatedly  as 
the  tobacco-mosaic  virus  multiplies  in  sick 
tissues.  We  know  of  no  means  of  either 
hindering  or  facilitating  their  production. 
They  have  not  yet  been  shown  to  arise  in 
vitro. 

Several  methods  have  been  used  in  the 
isolation  of  variant  strains  of  tobacco-mosaic 
virus.     McKinney   (1926)   was  the  first  to 
show  that  yellow  variants  may  be  obtained 
from  bright  yellow  spots  of  irregular  sizes 
and  shapes  that  occur  repeatedly  in  mottled 
tobacco  leaves.     By  needle-puncture  trans- 
fers, Jensen  (1933)  isolated  a  large  number 
of  yellow  variants  from  such  spots.     Holmes 
(1934)    isolated    mild    strains    of    tobacco 
mosaic  by  holding  tomato  tissues  in  which 
ordinary  tobacco-mosaic  virus  was  multiply- 
ing at  a  temperature  of  about  35°  C.    The 
high  temperature  apparently  favored  the 
multiplication    of    certain    variants    that 
caused  mild  diseases.     The  fact  that  such 
variants  were  not  invariably  obtained  sug- 
gests that  they  did  not  result  from  attenu- 
ation of  tobacco-mosaic  virus.    Carsner  and 
Stahl   (1924)   showed  that  the  virus  of  a 
mild  strain  of  curly  top  of  beets  could  be 
obtained   by   passing   the    ordinary   strain 
through  the  weed  Chenopodium  murale  L. 
Insofar  as  I  am  aware,  no  passage  strain  has 
been  obtained  from  tobacco-mosaic  virus  di- 


rectly, but  many  have  appeared  in  tobacco 
plants  infected  with  slow-moving  strains  of 
this  virus. 

Experiments  have  shown  that  tobacco- 
mosaic  virus  mutants  may  be  passed 
in  series,  but  that  most  of  them  can  not  be 
passed  indefinitely  without  change,  even 
when  large  doses  of  virus  are  used  at  each 
transfer.  Sooner  or  later  they  are  replaced 
by  diseases  similar  to  or  identical  with 
tobacco  mosaic.  In  this  respect  they  differ 
sharply  from  the  latter.  A  few  of  the  new 
viruses  have,  however,  remained  unchanged 
after  a  long  series  of  transfers.  Further 
work  will  show  whether  or  not  they  are  as 
stable  as  tobacco-mosaic  virus. 

Little  is  known  regarding  the  influence  of 
host  plants  on  the  production  of  virus  mu- 
tants. Bright  yellow  spots  from  which  yel- 
low mutants  may  be  isolated  occur  about  as 
frequently  in  any  unit  area  in  the  leaves  of 
tomato  and  petunia  plants  affected  by  to- 
bacco mosaic  as  they  do  in  leaves  of  tobacco 
plants  similarly  affected.  The  yellow  mu- 
tants obtained  from  these  plants  are  similar 
to  those  from  tobacco.  We  do  not  have 
much  information  on  this  point,  but  the 
little  we  do  have  suggests  that  the  host  cell 
is  not  a  determining  factor  in  the  produc- 
tion of  variants. 

There  are  many  things  we  wish  to  know 
regarding  the  unlike  progeny  from  tobacco- 
mosaic  virus.  We  would  like  to  know  in 
what  respects  it  differs  from  the  parent 
strain  and  of  how  many  distinct  types  of 
virus  it  is  composed.  Do  the  same  mutants 
arise  again  and  again,  or  does  each  one  differ 
from  all  the  others?  Do  the  mutants  give 
rise  to  submutants  and,  if  so,  do  they  all 
give  rise  to  the  same  kinds  ?  Are  any  of  the 
mutants  so  different  from  tobacco-mosaic 
virus  that  a  relationship  with  the  latter  is 
questionable?  Can  the  new  diseases  main- 
tain themselves  in  nature?  Will  any  of 
them  affect  plants  that  are  immune  from 
tobacco  mosaic?  Can  they  be  transmitted 
by  insects  ? 

Too  little  is  known  at  the  present  time 
to  give  satisfactory  answers  to  most  of  these 
questions.  We  have  isolated  130  variant 
strains   of  tobacco-mosaic  virus   and  have 
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passed  them  in  series  in  Turkish  tobacco. 
Many  of  the  viruses  in  this  group  are  similar 
and  some  appear  to  be  identical.  Neverthe- 
less, further  work  may  show  that  each  one 
is  different  from  all  of  the  others.  No  two 
that  have  been  studied  carefully  have  proved 
to  be  exactly  alike.  The  mutants  differ  from 
tobacco-mosaic  virus  in  many  ways.  They 
differ  in  the  severity  of  the  diseases  pro- 
duced (Jensen  1933),  in  the  extent  to  which 
they  approach  the  tips  of  plants  (Holmes 
1936),  in  the  rate  at  which  they  invade 
tobacco  tissue,  in  whether  or  not  they  are 
capable  of  causing  generalized  infection,  in 
the  character  of  the  primary  and  secondary 
lesions  produced,  in  whether  or  not  they 
mottle  stem  tissues,  in  infectivity,  in  sta- 
bility, and  in  immunological  and  serological 
characteristics. 

Many  of  the  mutants  have  given  rise  to 
submutants  and  these  in  turn  to  other  mu- 
tants. The  process  apparently  can  be  car- 
ried through  any  desired  number  of  steps. 
As  the  collection  increases  in  size,  it  becomes 
evident  that  the  unlike  progeny  of  tobacco- 
mosaic  virus  is  capable  of  causing  many  dis- 
eases that  are  quite  unlike  tobacco  mosaic. 
Some  of  them  produce  diseases  that  are  so 
mild  that  visible  symptoms  can  not  be  de- 
tected, while  others  give  diseases  that  are 
lethal.  Some  of  the  diseases  are  caused  by 
viruses  of  high  infectivity,  others  by  viruses 
of  such  low  infectivity  that  they  are  trans- 
mitted with  great  difficulty. 

Although  possibilities  for  obtaining  new 
diseases  by  the  isolation  of  new  strains  of 
tobacco-mosaic  virus  seem  almost  endless, 
variability  in  certain  directions  is  limited. 
None  of  the  virus  mutants  have  been  trans- 
mitted to  any  plant  which  is  immune  from 
tobacco  mosaic.  Two  strains  of  cucumber 
mosaic  prevalent  in  England  are  caused  by 
viruses  which  serological  studies  indicate  are 
related  to  the  virus  of  tobacco  mosaic  (Baw- 
den  and  Pirie  1937).  Nothing  is  known  re- 
garding the  origin  of  these  strains,  but  it  is 
possible  that  they  are  tobacco-mosaic  virus 
mutants  which  have  the  ability  to  infect 
cucumbers,  an  ability  not  possessed  by  to- 
bacco-mosaic virus.  It  is  of  interest  to  note 
that  these  cucumber-mosaic  viruses  will  not 


infect  tobacco.  Another  case  in  which 
closely  related  strains  of  viruses  have 
slightly  different  host  ranges  was  reported 
in  1932  (Kunkel).  The  California  strain 
of  aster  yellows,  which  in  aster  plants 
causes  symptoms  indistinguishable  from 
those  caused  by  the  eastern  strain  of  this 
disease,  affects  celery  and  zinnia  plants, 
which  are  immune  from  the  latter  (Severin 
1934).  Up  to  the  present  time,  the  new 
strains  of  tobacco-mosaic  virus  have  been 
inoculated  into  only  a  few  species  of  plants. 
Further  work  may  show  that  some  of  them 
can  infect  plants  that  are  immune  from 
tobacco  mosaic.  All  experimentally  isolated 
strains  of  tobacco-mosaic  virus  are  alike  in 
that  they  cause  necrotic  primary  lesions  and 
fail  to  generalize  in  Nicotiana  glutinosa. 
Holmes  (1938)  has  shown  that  the  failure 
to  generalize  is  due  to  a  single  Mendelian 
factor  which  may  be  transferred  to  tobacco 
by  hybridization.  In  leaves  of  the  hybrid 
plants,  ordinary  tobacco-mosaic  virus  causes 
necrotic  lesions  similar  to  those  produced  by 
Jensen's  No.  14  strain  of  tobacco-mosaic 
virus  in  leaves  of  unhybridized  tobacco 
plants.  Localization  was  obtained  by  a 
change  in  the  genetic  constitution  of  the 
plant,  on  the  one  hand,  and  by  a  change  in 
the  genetic  constitution  of  the  virus  on  the 
other.  It  is  interesting  to  note  that  up  to 
the  present  time  localization  caused  by  the 
plant  factor  has  not  been  broken  down,  but 
localization  caused  by  the  virus  factor  has 
been  overcome  repeatedly  by  mutations  in 
Jensen's  No.  14  virus. 

All  of  the  highly  infectious  tobacco-mo- 
saic virus  mutants  and  submutants  that 
have  been  tested  show  immunological  and 
serological  relationships  with  tobacco-mosaic 
virus.  Nothing  whatever  is  known  as  to 
whether  any  of  them  could  maintain  them- 
selves in  nature  or  would  be  transmitted  by 
insects.  Since  a  number  of  the  mutants 
cause  diseases  more  severe  than  tobacco 
mosaic,  care  has  been  taken  to  prevent  their 
escape  from  experimental  greenhouses. 

Results  of  attempts  to  obtain  information 
on  the  frequency  of  occurrence  of  mutants 
in  diseased  tobacco  plants  will  now  be  re- 
ported.    The  percentage  of  unlike  progeny 
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obtained  from  platings  made  with  juice  of 
diseased  plants  is  no  measure  of  frequency 
of  occurrence  of  mutations,  since  some  and 
probably  all  mutants  multiply  to  a  limited 
extent  in  the  host  tissues.  Many  of  the 
bright  yellow  spots  from  which  yellow  mu- 
tants have  been  isolated  were  rather  large 
and  contained  considerable  quantities  of 
virus.  If,  as  is  generally  assumed,  each 
spot  arises  as  the  result  of  a  single  mutation, 
and  if  all  of  the  mutations  of  this  type  pro- 
duce spots  large  enough  to  be  seen,  then 
frequency  of  occurrence  of  yellow  mutants 
may  be  determined  by  counting  the  yellow 
spots.  This  was  done  in  experimental  tests 
carried  out  during  a  period  of  approxi- 
mately 15  months. 

The  chief  purpose  of  the  tests  was  to  de- 
termine the  frequency  of  occurrence  of  yel- 
low mutants  in  mosaic-diseased  leaves  of 
Turkish  tobacco.  Four  strains  of  tobacco- 
mosaic  virus  were  used  in  the  tests.  They 
were  ordinary  tobacco-mosaic  virus,  a  de- 
rivative of  aucuba-mosaic  virus,  a  derivative 
of  Holmes'  masked  strain  of  tobacco-mosaic 
virus,  and  a  derivative  of  a  masked  strain  of 
tobacco-mosaic  virus  obtained  from  petunia 
plants.  The  derivatives  were  secured  by 
passing  each  of  the  three  strains  in  series 
in  tobacco  plants  until  it  was  replaced  by  a 
virus  causing  green  mottling.  Each  deriva- 
tive was  plated  out  on  leaves  of  Nicotiana 
glutinosa  in  order  to  obtain  it  in  pure  cul- 
ture. The  one  from  aucuba  mosaic  caused 
a  disease  closely  resembling  tobacco  mosaic 
but  differing  from  it  in  producing  necrotic 
primary  lesions  and  failing  to  generalize  in 
N.  sylvestris  Spegaz.  and  Comes.  The  other 
two  viruses  caused  mild  green  mosaics. 

Other  purposes  of  the  tests  were  to  deter- 
mine whether  or  not  yellow  mutants  would 
arise  with  equal  frequency  in  groups  of 
plants  affected  by  the  different  strains  and 
whether  any  of  the  viruses  would  show  sea- 
sonal variations  as  regards  production  of 
yellow  variants.  Seven  different  tests  were 
made.  The  plan  of  each  was  to  inoculate 
4  groups  of  healthy  young  Turkish  tobacco 
plants  growing  in  deep  soil  in  a  greenhouse 
bench  with  the  four  viruses.  In  each  group 
consisting  of  10  plants,  9  were  inoculated 


while  the  10th  was  left  uninoculated  and 
served  as  a  control.     After  the  groups  had 
been  diseased  for  a  month   or  longer,  20 
mottled  leaves  on  each  plant  were  carefully 
observed  for  yellow  spots.     The  spots  were 
counted  and  the  number  occurring  on  each 
leaf  was  recorded.     The  uppermost  mature 
leaf  and  the  19  leaves  immediately  below 
this  were  the  ones  examined.     The  inoculum 
used  in  each  test  was  obtained  from  a  single 
necrotic  lesion  in  a  leaf  of  Nicotiana  glu- 
tinosa on  which  an  appropriate  virus  plating 
had  been  made.     A  few  plants  in  five  of  the 
tests  were  discarded  because  they  were  in- 
jured accidentally  by  supporting  stakes,  but 
in  no  test  was  any  group  represented  by  less 
than  7  diseased  plants.     The  tests  were  car- 
ried out  consecutively.     In  the  first,  inocu- 
lations and  observations  were  made  on  No- 
vember 27  and  January  27,  respectively; 
in  the  second,  they  were  made  on  February 
21  and  March  26,  respectively;  in  the  third, 
on  April  6  and  May  28,  respectively ;  in  the 
fourth,  on  June  6  and  September  2,  respec- 
tively; in  the  fifth,  on  September  9  and 
October  12,  respectively;  in  the  sixth,  on 
November  2  and  December  17,  respectively ; 
and  in  the  seventh,  on  December  21  and 
February  26,  respectively.    All  check  plants 
in  all  tests  remained  healthy.     The  average 
number  of  yellow  spots  in  the  20  mottled 
leaves  of  the  plants  infected  by  each  virus 
in  each  test  is  recorded  in  Table  I.     The 
table  shows  that  tobacco-mosaic  virus  pro- 
duced slightly  more  than  \  spot  per  leaf. 
In  only  one  test  was  there  an  average  of 
less  than  1  spot  on  2  leaves.     In  none  of  the 
tests  did  the  average  reach  1  spot  per  leaf, 
and  in  only  one  was  this  value  approached. 
The  other  three  viruses  gave  larger  numbers 
of  spots.     That  from  aucuba  mosaic  pro- 
duced an  average  of  slightly  more  than  3 
spots  per  leaf,  while  the  Holmes  masked 
strain  derivative  and  the  petunia  masked 
strain  derivative  produced  an  average  of 
more  than  1  but  less  than  2  spots  per  leaf. 
The    aucuba-mosaic   virus    derivative   pro- 
duced more  spots  than  any  other  virus  in 
all  of  the  7  tests,  and  in  5  of  the  7  it  pro- 
duced more  than  twice  as  many  as  any  of 
the    others.     It    also    produced    somewhat 
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TABLE  I 
Kate  of  Production  of  Yellow  Variants  by  Strains  of  Tobacco-Mosaic  Virus 


In  tests 

1 

2 

3 

4 

5 

6 

7 

Average  of 
all  tests 

Tobacco   mosaic   virus 

13.7 

18.8 

14.1 

13.3 

10.5 

8.6 

10.3 

12.7 

Aucuba    mosaic    virus 
derivative    

51.0 

64.9 

73.5 

38.4 

34.1 

36.0 

42.3 

48.6 

Holmes  masked  strain 

tobacco  mosaic  virus 
derivative    

6.6 

18.1 

23.8 

13.3 

17.0 

8.4 

15.2 

14.6 

Petunia  masked  mosaic 
virus  derivative  

7.0 

28.5 

28.0 

16.1 

22.0 

18.7 

12.0 

18.9 

larger  spots  than  the  others.  The  petunia 
derivative  gave  more  spots  than  the  Holmes 
derivative  in  6  of  the  tests.  All  viruses 
gave  more  spots  in  the  second  and  third 
tests,  which  were  carried  out  in  late  winter 
and  early  spring,  than  in  tests  made  in  other 
seasons  of  the  year. 

The  table  shows  that  the  average  number 
of  spots  per  plant  did  not  fall  below  6.6  for 
any  virus  in  any  test.  The  232  diseased 
plants  grown  in  the  7  tests  bore  more  than 
5000  yellow  spots.  "While  some  of  the  spots 
were  small  and  not  very  distinct,  it  is  be- 
lieved that  yellow  mutants  could  have  been 
isolated  from  a  large  percentage  of  them. 
There  is  little  doubt  but  that  other  types 
of  mutants  were  produced  in  the  plants. 
How  large  their  number  may  have  been  is 
not  known. 

In  conclusion  I  wish  to  say  that,  although 
studies  on  tobacco-mosaic  virus  mutants 
have  not  progressed  very  far,  it  is  clear  that 
tobacco-mosaic  virus  and  its  related  strains 
produce  a  fairly  large  unlike  progeny.  It 
is  also  clear  from  work  not  reported  here 
that  several  other  plant  viruses  likewise  pro- 
duce unlike  progenies.  The  unlike  prog- 
enies of  all  of  these  viruses  are  potentially 
a  source  of  danger,  for  under  favorable  con- 
ditions they  might  give  rise  to  new  diseases 
that  would  be  able  to  survive  in  nature. 
They  also  are  of  considerable  interest  from 
a  theoretical  standpoint.  It  is  obvious  that 
we  must  learn  to  know  plant  viruses  not 
only  by  their  physical  and  chemical  proper- 
ties and  by  the  diseases  they  produce,  but 


also  by  the  progenies  they  are  capable  of 
bringing  forth. 
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PROBLEMS  IN  THE  VARIATION  OF  PATHOGENIC 

BACTERIA 


By  G.  B.  REED 

QUEEN'S  UNIVERSITY,  KINGSTON,  ONTARIO,  CANADA 


From  the  early  days  of  Pasteur  and  Koch 
down  to  the  last  decade  and  a  half,  patho- 
genic bacteriology  was  dominated  by  the 
dogma  of  monomorphism.  With  few  ex- 
ceptions, the  earlier  studies  were  more  con- 
cerned with  establishing  the  fixity  of  species 
than  with  variation.  But  during  the  last  15 
to  18  years  the  literature  of  the  subject  has 
been  flooded  with  evidences  of  variability. 

It  has  become  increasingly  apparent  that 
pathogenic  species  of  bacteria  may  pass 
through  thousands  of  generations  under  lab- 
oratory conditions  or  in  the  animal  body 
without  detectable  change  in  their  charac- 
teristics. At  the  same  time,  it  is  equally 
evident  that  most,  and  probably  all,  patho- 
genic species  at  times  undergo  variation. 
The  fact  that  bacteria  do  vary  has  reper- 
cussions in  almost  every  field  of  the  study 
of  infectious  diseases.  I  should  like  to  call 
attention  to  problems  connected  with  varia- 
tions in  antigenic  composition  and  virulence 
and  to  suggest  some  hypothetical  consider- 
ations concerning  the  causes  of  variations. 

Variations  in  Antigenic  Composition 

From  the  early  work,  especially  that  of 
Arkwright  (1920) ,  it  has  been  apparent  that 
certain  variations  are  generally  correlated. 
The  most  frequently  observed  variation, 
the  Smooth  to  Rough  (S  to  R)  colony  form, 
is  not  merely  a  change  in  the  structure  of 
the  colony;  there  is  usually  associated  a 
change  in  virulence,  in  antigenic  composi- 
tion and  other  characteristics,  such  as  cell 
morphology,  sensitivity  to  bacteriophage, 
and  hydrophobe  or  hydrophile  properties 
of  the  cell.  The  variation  is  generally  dis- 
continuous and  the  variants  are  frequently 
highly  stable.  In  many  species  the  S  to  R 
change  occurs  readily,  but  reversion  or  R 
to  S  occurs  only  rarely.  The  significance 
of  this  type  of  variation  is  not  apparent, 


but  it  seems  safe  to  assume  that  it  represents 
a  relatively  major  change  in  the  genetic 
makeup  of  the  organism. 

The  pathological  importance  of  the  change 
is  primarily  due  to  variation  in  the  anti- 
genic composition  which  appears  to  be  a 
fundamental  consideration  in  virulence  as 
well  as  in  antibody  stimulating  and  reacting 
mechanism.  The  S  to  R  variation  ordi- 
narily involves  a  loss  in  the  heat-stable 
somatic  antigen  that  characterizes  the  sur- 
face of  the  normal  virulent  type.  This  loss 
may  further  result  in  the  uncovering  of 
somatic  antigens  which  then  dominate  the 
variant  type.  The  somatic  antigen,  prob- 
ably most  frequently  concerned  in  this  loss 
variation,  we  know,  from  the  initial  work 
of  Heidelberger  and  Avery,  is  a  polysac- 
charide. In  chemically  pure  form  the  poly- 
saccharides are  haptens  or  partial  antigens 
— they  react  with  antibodies  but  do  not 
stimulate  antibody  formation.  In  the  cell, 
however,  they  act  as  antigens.  In  the  case 
of  the  Pneumococci,  the  polysaccharide  is 
contained  in  the  capsule.  In  the  course  of 
the  S  to  R  variation  the  capsule  and  the 
specific  polysaccharide  antigen  are  lost. 
There  remains,  however,  in  the  R  organisms 
an  antigenic  protein  component  common  to 
all  types  of  Pneumococci.  It  has  been 
shown  that  a  similar  series  of  changes  ac- 
company S  to  R  variation  in  several,  pos- 
sibly all,  pathogenic  species.  This  loss  of 
surface  antigen  means  that  the  variant  lacks 
antigenic  specificity  and  lacks  the  ability  to 
stimulate  the  formation  of  specific  anti- 
bodies in  animals.  It  has  not  been  possible 
to  put  all  antigenic  differences  between  bac- 
terial species  or  variants  into  chemical  terms 
or  to  interpret  antigenic  variation  in  this 
precise  manner,  but  the  fact  that  certain 
major  changes  can  be  so  interpreted  tends 
to  clarify  the  situation. 
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Knowledge  gained  from  a  study  of  vari- 
ation in  the  antigenicity  of  bacteria,  during 
the  last  dozen  years,  has  resulted  in  many 
modifications  in  methods  of  immunization 
and  diagnosis  by  immunological  means.    We 
now  know  that  in  the  preparation  of  vac- 
cines   for    immunization    against    typhoid, 
paratyphoid,  and  other  infections  of  this 
group,  consideration  must  be  given  to  the 
complex  antigenic  composition  of  the  organ- 
isms and  the  ease  with  which  variation  in 
these  components  occurs  under  laboratory 
conditions.     Similar  problems  are  met  with 
to  a  greater  or  lesser  degree  in  the  prepa- 
ration of  vaccines  from  all  types  of  patho- 
genic bacteria.     Similarly,  in  the  prepara- 
tion of  antisera,  as  against  Pneumococci  and 
Meningococci,  possible  variation  in  antigenic 
composition  is  a  fundamental  problem.     In 
such  a  simple  procedure  as  the  Widal  and 
other  agglutination  reactions  used  in  the 
identification  of  antibodies  for  diagnosis  of 
infections,  due  regard  must  be  given  to  the 
antigenic  structure  and  possible  variation  of 
the  organisms  used  as  antigens.     Such  prob- 
lems appear  in  almost  every  phase  of  im- 
munology. 

It  will  be  recalled  that  the  French  group 
— Calmette  et  al. — obtained  from  an  old  cul- 
ture of  tubercle  bacilli  a  strain,  BCG,  of 
exceedingly  low  virulence,  a  type  capable 
of  producing  only  localized  lesions  which  are 
fairly  rapidly  absorbed.  It  was  shown  by 
Petroff  (1927),  Begbie  (1930),  Sasano  and 
Medlar  (1931),  Seiffert  (1932),  and  our- 
selves (1934)  that  this  organism  is  probably 
an  R  variant  of  the  normal  tubercle  bacillus. 
It  has  been  found  that  the  strain  generally 
is  highly  stable  like  most  R  forms.  In  the 
hands  of  a  few  observers,  sufficient  variation 
has,  however,  occurred  to  permit  recovery  of 
the  fully  virulent  or  normal  S  form  (Reed, 
Orr,  and  Rice,  1934). 

The  French  group  and  others  have  long 
claimed  that  the  introduction  of  BCG  cul- 
tures into  infants  results  in  a  considerable 
degree  of  immunity  against  ordinary  tuber- 
culous infection.  This  vitally  important 
problem  has  been  seriously  questioned  on 
statistical  grounds.  We  have  approached  it 
differently    by    examining    the    antigenic 


structure  of  the  BCG  organisms  in  contrast 
to  normal  tubercle  bacilli. 

In  earlier  papers  (Rice  1931;  Rice  and 
Reed  1932)  it  was  shown  that,  if  rabbits  are 
immunized  with  whole  cultures  of  normal  S 
forms  and  other  rabbits  with  R  variants  of 
mammalian  tubercle  bacilli,  a  distinction 
can  be  made  in  the  antibody  content  of  the 
two  lots  of  animal  sera.  The  examination 
procedure  was  an  indirect  one  involving 
complement  fixation  with  antigens  prepared 
from  S  and  R  types  of  organisms.  The 
anti-S  immune  serum  fixed,  on  the  average, 
twice  as  much  complement  with  the  S  anti- 
gen as  was  fixed  with  R  antigen.  The  anti-R 
serum  fixed,  on  the  average,  the  same 
amount  of  complement  with  both  S  and  R 
antigens.  These  observations  were  inter- 
preted to  mean  that  the  S  organisms  contain 
an  S-specific  and  a  species  antigen,  and  that 
the  R  organisms  lack  the  S-specific  antigen 
but  contain  the  species  antigen.  Corre- 
spondingly, the  anti-S  serum  contains  the 
two  antibodies ;  the  anti-R  serum,  the  species 
antibody,  while  it  lacks  the  S-specific  anti- 
body. 

The  same  examination  procedure  was  fol- 
lowed with  the  ordinary  BCG  cultures  and 
the  S  type  recovered  from  them  (Reed,  Orr, 
and  Rice  1934).    Rabbits  were  immunized 
with  the  two  types  and  the  antisera  tested 
against  antigens  prepared  from  S  and  R 
type  mammalian  tubercle  bacilli.     The  re- 
sults  are  summarized  in  Table  I.     It   is 
apparent  from  the  column  on  the  left  that 
antisera  prepared  from  several  cultures  of 
BCG  contain  antibodies  which  fix  comple- 
ment in  approximately  equal  amounts  in  the 
presence  of  S  and  R  antigen.    The  antisera 
prepared    from    S    variants    of    the    BCG 
(which  are  virulent),  as  indicated  on  the 
right  of  Table  I,  fixed  approximately  twice 
as  much  complement  in  the  presence  of  the 
S  antigen  as  in  the  presence  of  the  R  antigen. 
The  simplest  explanation  of  the  observations 
is  that  the  BCG  organism,  like   other  R 
tubercle  bacilli,  lacks  an  antigenic  compo- 
nent which  characterizes   normal   virulent 
tubercle  bacilli.     Lacking  this  antigen,  the 
corresponding  antibody  is  lacking  in  the 
serum  of  BCG  immunized  animals. 
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A  Comparison  of  the  Eeactivitt  of  Typical  S  and  E  Mammalian  Tubercle  Bacillus  Antigens  with 

the  Serum  of  Eabbits  Immunized  with  Ordinary  BCG-E  Organisms  and  with  Dissociated 

S  Organisms  as  Measured  in  Cubic  Centimeters  of  Complement  Fixed  Specifically  at 

Fifty  Per  Cent  Hemolysis 


Antiserum 

Antigen 

Specific 
fixation 

Antiserum 

Antigen 

Specific 
fixation 

BCG-E  Montreal  (1)  

S 
E 

.0041 
.0035 

BCG-S  Trudeau  

S 
E 

.0064 

.0030 

BCG-E  Montreal  (2)   

S 
E 

.0080 
.0074 

BCG-S  Alberta  (1)  

S 
E 

.0032 
.0014 

BCG-E  Montreal  (3)   

S 
E 

.0147 
.0139 

BCG-S  Alberta  (2)  

S 
E 

.0143 
.0087 

BCG-E  Montreal  (4)   

S 
E 

.0110 
.0101 

BCG-S  Alberta  (3)  

S 
E 

.0143 
.0066 

BCG-E  Montreal  (5)  

S 
E 

.0073 
.0069 

BCG-S  Ottawa  (1)  

S 
E 

.0057 
.0028 

BCG-E  Paris            

S 
E 

.0090 
.0080 

BCG-S  Alberta  (4)  

S 
E 

.0150 

.0087 

BCG-S  &  E  Alberta  (5) 

S 
E 

.0100 
.0082 

It  seems  probable  that  the  BCG  organism 
has  arisen  as  a  variant  from  "normal" 
tubercle  bacilli  and  that  one  feature  of  the 
variation  was  a  loss  of  a  specific  antigenic 
substance.  This  adds  support  to  the  doubt 
raised  from  the  statistical  analysis  based 
upon  the  use  of  the  material  as  an  immuniz- 
ing agent  in  man  and  cattle.  It  is  in  line, 
too,  with  general  findings  with  other  species 
of  pathogenic  bacteria,  such  as  the  Pneu- 
mococci,  members  of  the  typhoid  coli  group, 
that  the  S  to  R  type  of  variation  is  accom- 
panied by  a  loss  of  a  specific  antigen  which 
renders  the  variant  ineffective  as  an  immun- 
izing agent. 

Variation  in  Virulence 

A  long  recognized  type  of  variation  is 
change  in  virulence  or  change  in  ability  to 
produce  toxins.  This  change  occurs  in  many 
species  under  laboratory  conditions,  and  we 
know  that  avirulent  or  atoxogenic  variants 
may  frequently  be  isolated  from  man 
( Wadsworth  and  Sickles  1927  ;  Okell  1929 ; 
Gunn  and  Griffith  1928).  Variation  in  the 
animal  body  is  probably  related  to  the  inter- 
action of  antibodies  with  the  surface  anti- 
gens of  the  organisms. 


An  attractive  explanation  of  the  rise  and 
fall  of  epidemics  has  been  based,  with  some 
degree  of  experimental  support,  upon  these 
findings.  The  extent  to  which  host  immu- 
nity and  bacterial  variation  contribute  to 
the  course  of  epidemics  has  never  been 
determined,  but  there  seems  to  be  ample 
evidence  from  both  the  study  of  epidemic 
disease  in  man  and  experimental  herd  infec- 
tions in  animals  that  variation  in  the  causal 
bacteria  is  at  least  a  factor  of  importance, 
even  though  it  be  not  a  simple  and  obvious 
relationship. 

In  a  long  series  of  studies  of  herd  epi- 
demics in  mice,  Webster  and  colleagues 
(1930,  1933)  have  shown  that  different 
strains  of  the  same  bacterium  recovered  at 
intervals  during  the  course  of  one  epidemic 
may  possess  an  approximately  equal  viru- 
lence. This  they  regularly  found  to  be  the 
case.  They,  therefore,  conclude  that  changes 
in  virulence  play  no  part  in  the  fluctuations 
in  mortality  frequently  observed  in  a  long 
continued  epidemic.  They  have,  however, 
reported  different  degrees  of  virulence  in 
the  same  bacterial  species  recovered  in  dif- 
ferent epidemics  (1930).  At  the  same  time, 
they  demonstrated  that  in  one  species  of 
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Pneumococcus  (Webster  and  Clow  1933), 
a  strain  of  high  virulence,  as  judged  by 
intraperitoneal  and  intranasal  infection, 
might  as  a  result  of  nose-to-nose  passage, 
lose  its  intranasal  virulence  without  affect- 
ing its  intraperitoneal  virulence. 

On  the  other  hand,  Topley,  Greenwood, 
and  associates  (1928)  have  considered  a 
second  factor.  They  find  that  virulence,  as 
measured  by  direct  inoculation,  and  the 
power  to  induce  severe  epidemics  by  contact 
infection  are  not  always  correlated.  Recent 
experiments  with  a  species  of  Pasteurella 
(Greenwood  et  al.  1936)  seem  to  afford 
proof  that  changes  in  infectivity  may  occur 
during  the  epidemic  spread  of  a  bacterial 
parasite.  They,  therefore,  suggest  that  an 
"epidemic  strain' '  is  characterized  by  two 
attributes,  high  virulence  and  high  infec- 
tivity. Loss  of  either  through  variation  may 
result  in  loss  of  ability  to  cause  an  epidemic. 
It  seems  safe  to  conclude  from  these  herd 
studies  that  variation  in  the  invading  bac- 
teria may  constitute  a  major  factor  in  the 
spread  of  human  infections.  There  is  also 
much  supporting  evidence  to  be  found  in  a 
study  of  human  infections. 

Theoretical  Considerations 

The  similarity  of  the  variation  pattern  in 
many  species  of  bacteria  and  especially  the 
variation  of  correlated  characteristics,  as 
just  noted,  have  contributed  largely  to  the 
theory  of  cyclic  change  in  the  life  history 
of  the  bacteria.  But  variation  by  no  means 
always  occurs  simultaneously  in  several 
characteristics.  In  a  recently  published 
study  (Reed  1937)  of  the  saprophytic  spe- 
cies, Serratia  marcescens  Bizio,  it  was  shown 
that  variation  may  occur  independently  in 
several  characteristics. 

In  this  species,  as  is  generally  the  case, 
colony  structure,  cell  form,  and  specific 
somatic  agglutinogen  are  always  associated : 
S  colonies  are  composed  of  short  rods  and 
coccoid  cells  containing  specific  somatic 
antigen,  while  the  R  colonies  are  composed 
of  long  rods  and  filaments  without  the 
specific  somatic  antigen.  Where  variation 
occurs  from  S  to  R  or  in  the  reverse  direc- 
tion, the  associated  characteristics  vary  syn- 


chronously. This  may  arise  from  an  insep- 
arable linkage  of  the  inheritance  factors  or 
these  three  characteristics  may  result  from 
the  transmission  of  a  single  gene.  What  is 
measured  as  somatic  antigen  may,  for  in- 
stance, determine  the  cell  form  and  cell  form 
may  determine  the  colony  topography. 

Several  other  characteristics  exhibited  in- 
dependent variation.  Capsulated  cells  with 
the  resulting  mucoid  structure  of  colonies 
occur  in  both  S  and  R  forms.  Variation 
may  proceed  in  the  direction  of  either  gain 
or  loss  in  capsulation,  and  this  variation  may 
occur  irrespective  of  variation  in  S  or  R 
colony  form.  It  is  evident,  therefore,  that 
the  factor  for  the  inheritance  of  mucoidness 
or  its  absence  is  independent  of  the  factor 
or  factors  for  colony  structure.  Again, 
variation  in  pigmentation  from  red  to 
orange-red  or  white,  or  from  orange-red  to 
white,  occurs  regardless  of  variation  in 
colony  structure  or  capsulation  of  the  cells. 
Color  factors  must,  therefore,  be  inherited 
independently  of  factors  for  colony  struc- 
ture or  for  capsulation. 

Independent  variation  in  three  sets  of 
characteristics  does  not  appear  to  be  con- 
sistent with  any  theory  of  cyclic  change  in 
the  organisms.  It  seems  more  likely  that, 
in  these  cases  at  least,  the  inheritance  of 
individual  characteristics  has  been  subject 
to  some  irregularity.  It  is  more  in  line  with 
current  genetical  opinion  to  assume  that  this 
is  the  result  of  change  in  individual  genes 
or  ' '  gene  mutation. ' '  A  study  of  Staphylo- 
cocci now  in  progress  adds  additional  evi- 
dence in  support  of  this  hypothesis. 

There  are,  however,  certain  well  known 
variations  in  pathogenic  bacteria  which  pos- 
sibly permit  a  simplification  of  the  gene 
hypothesis,  a  simplification  which  may  be 
applicable  to  all  inheritance  and  variation 
in  the  bacteria,  and  perhaps  in  a  wider  field. 

Since  the  work  of  Neufeld  in  1909,  we 
have  been  familiar  with  the  existence  of 
antigenically  different  types  of  Pneumococci. 
Three  types  and  a  heterogeneous  group  were 
first  distinguished,  and  quite  recently  the 
unclassified  group  has  been  differentiated 
into  some  27  additional  types.  There  is 
ample  evidence  that  the  antigenic  difference 
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TABLE  II 

Characteristics  of  the  Type-Specific  Polysaccharides  of  Pneumococci 
(After  Avery  and  Heidelberger) 


Type 

Optical 
rotation 

Per  cent 
nitrogen 

Substances  obtained 
on  hydrolysis 

Dilution 
giving  specific 
precipitation 

I  

II  

Ill  

300° 

74° 
-33° 

5 

0 
0 

Galacturic   acid   and   amino-sugar   de- 
rivatives   

Glucose  

Glucose  and  glucoronic  acid  

1:  6,000,000 
1:  5,000,000 
1:  6,000,000 

between  at  least  the  original  three  types 
depends  upon  chemical  differences  in  the 
polysaccharide,  which  is  the  principal  com- 
ponent of  the  capsule  surrounding  the 
organism,  as  indicated  in  Table  II. 

As  just  noted  in  another  connection, 
variation  frequently  occurs  in  the  strain  of 
this  species  in  which  the  capsule  and  type- 
specific  polysaccharide  is  lost.  Such 
variants,  therefore,  do  not  belong  to  a 
specific  type ;  they  have  lost  their  type  char- 
acteristic. It  was  shown  by  Griffith  (1928) 
and  recently  confirmed  particularly  by  Daw- 
son and  Sia  (1931)  that,  if  a  non-capsulated, 
non-type-specific  variant  arising  from  type  I 
is  grown  in  a  menstruum  including  type  II 
polysaccharide,  reversion  to  a  capsulated 
type-specific  form  may  occur.  And,  very 
significantly,  the  new  form  will  be  not  type  I 
from  which  the  non-capsulated  strain  arose 
but  type  II,  the  type  of  the  polysaccharide 
present  in  the  menstruum  in  which  the 
variation  occurred.  Once  this  new  type  II 
has  arisen,  it  continues  to  breed  as  a  char- 
acteristic type  II ;  that  is,  the  newly  gained 
ability  to  synthesize  the  type  II  polysac- 
charide is  passed  on  from  generation  to 
generation. 

The  fact  that  the  type-specific  polysac- 
charide is  taken  up  from  the  environment 
and  continues  to  be  formed  in  subsequent 
generations  suggests  that  it  may  be  a  self- 
propagating  substance  like  Stanley's  virus 
protein.  If  so,  the  type-specific  inheritance 
may  be  regarded  simply  as  a  cutting  off,  in 
the  fission  division,  of  a  portion  of  the  sub- 
stance sufficient  to  permit  the  propagation 
of  more  similar  substance  in  the  developing 
daughter   cell.     A   loss   variation   is   then 


simply  a  cell  division  in  which  the  poly- 
saccharide fails  to  divide.  If  this  is  true  of 
specific  polysaccharide,  possibly  there  are  in 
the  cell  other  self-propagating  substances. 
Such  a  simple  hypothetical  mechanism 
probably  makes  it  unnecessary  to  postulate 
genes,  although  it  is  conceivable  that  the 
genes  are  just  such  substances. 
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Bacteria  are  not  stable  with  respect  to 
either  morphological  or  physiological  char- 
acteristics, but,  instead,  give  rise  to  in- 
numerable variants.  Extensive  studies  have 
shown  that  variants  better  adapted  to  the 
existing  environmental  conditions  will  even- 
tually replace  parent  types.  Alterations  in 
the  environmental  conditions  may  thus 
seemingly  cause  changes  in  the  character- 
istics of  the  bacteria.  In  culture,  replace- 
ment of  a  pathogenic  parent  type  by  an  at- 
tenuated variant  will  cause  loss  of  virulence. 
In  nature,  variant  strains  may  spread 
rapidly  and  produce  epidemics  or  epizootics. 
In  some  instances  the  variant  may  be  suffi- 
ciently distinct  from  its  parent  to  be  con- 
sidered as  a  new  species.  It  would  be 
desirable  to  study  bacterial  variations  in 
culture,  since  such  study  might  lead  to  a 
better  understanding  of  the  interrelation- 
ships of  bacterial  species. 

It  is  the  purpose  of  this  discussion  to 
review  some  of  the  information  available 
on  variation  of  pathogenic  bacteria  and  to 
compare,  insofar  as  it  is  possible,  the  vari- 
ations observed  in  nature  with  those  that 
may  be  induced  in  culture.  Such  widely 
different  bacteria  as  Bacillus  anthracis 
Koch,  the  anthrax  bacillus;  Erysipelothrix 
rhusiopathiae  (Mig.)  Holl.,  the  causal  agent 
of  swine  erysipelas;  Pasteurella  aviseptica 
(Kitt),  the  fowl  cholera  bacterium;  Acti- 
nomyces bovis  Harz,  the  cause  of  actinomy- 
cosis in  cattle;  Mycobacterium  tuberculosis 
(Koch)  L.  and  N. ;  and  M.  paratuberculosis 
(Johne)  Bergey  et  al.  have  been  selected 
for  discussion.  It  is  believed  that  the  ob- 
servations on  these  bacteria  give  a  fair 
cross  section  of  the  evidence  accumulated 
on  variations  in  virulence  of  bacteria  in 
general. 

The  Anthrax  Bacillus 
The  anthrax  bacillus  was  not  only  the 


first   bacterium   definitely   shown   to   cause 
disease  but  was  also  one  of  the  first  ob- 
served to  produce  avirulent  strains.     Pas- 
teur   (see    Hutyra    and    Marek    1922    and 
Eurich   and   Hewlett   1930)    discovered   in 
1881  that  virulent  strains  cultured  at  42° 
to   43°    C   frequently  produce   attenuated, 
asporogenous  variants.     Preisz   (1904)   ex- 
tended   these    observations    in    1904    and 
showed  that  numerous  strains  of  the  ba- 
cillus exist  in  man  and  animals.    He  found 
that   12   freshly   isolated   cultures   differed 
considerably    in    their    morphology,    viru- 
lence, and  cultural  characteristics.     Muller 
(see  Hutyra  and  Marek  1922,  p.  5)  isolated 
the  asporogenous  strain  from  cow's  blood 
and  found  that  it  did  not  change  in  culture. 
While  Preisz  was  attempting  to  improve 
on   the    Pasteur   vaccine    for    anthrax,    he 
(1911)   found  that  variants  could  be  iso- 
lated from  cultures  by  the  dilution  plate 
method.     Some  of  the  cultures  completely 
lost  their  virulence  in  the  course  of  time. 
The  loss  was  correlated  with  a  change  from 
a  Rough  to  a  Smooth  type.    He  concluded, 
therefore,  that  the  attenuation  of  cultures 
at  42.5°  C  was  brought  about  by  an  alter- 
ation in  the  capsule-forming  ability  of  the 
bacillus.     Further  evidence  in  support  of 
this    conclusion    was    offered    in    1937    by 
Hegyeli,  who  found  that  when  the  attenu- 
ated strains  were  restored  to  virulence  they 
simultaneously  reverted  to  the  Rough  type. 
In  order  to  bring  about  this  change,  he  used 
different  media,  such  as  ordinary  bouillon 
supplemented  with  spleen  extracts,  normal 
swine  serum,  horse  serum,  and  egg-white. 
The   best   results   were   obtained   by   culti- 
vating cultures  in  fresh  egg-white  bouillon 
medium.     Cultures  of  the  anthrax  bacillus 
may  also  become  attenuated  when  treated 
with  potassium  bichromate  or  with  phenol, 
or  when  exposed  to  direct  sunlight  or  to  an 
increased  atmospheric  pressure   (Chamber- 
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land  and  Roux  1883 ;  Chauveau — see  Had- 
ley  1927,  p.  165;  Arloing  1885). 

Very  little  is  known  abont  the  biochemi- 
cal characteristics  of  the  anthrax  variants. 
Buzna  (1925)  has  found  differences  in  the 
sugar-fermentative  power  between  vaccine 
strains,  a  virulent  asporogenous  strains,  and 
fully  virulent  strains.  Although  the  exami- 
nations were  not  made  on  isolated,  true- 
breeding  variants,  the  results  nevertheless 
suggest  a  parallelism  between  morphologi- 
cal and  biochemical  properties  of  the  pre- 
dominant variants  in  the  cultures. 

Swine  Erysipelas  Bacillus 

Swine  erysipelas  occurs  as  an  acute,  septi- 
caemic  disease  and  as  a  chronic,  benign 
disease  mainly  affecting  the  joints.  In 
Europe,  it  occurs  predominantly  in  the 
acute  form  both  enzootically  and  epizooti- 
cally.  In  North  America,  this  form  has  not 
occurred  until  recently.  A  septicaemic 
type  of  erysipelas  was  observed  for  the  first 
time  in  South  Dakota  by  Fosterman  (1932) 
in  1930.  From  this  relatively  isolated 
region,  the  new  form  has  spread  to  several 
other  states  and  is  becoming  important  eco- 
nomically in  the  midwestern  section  of  the 
United  States  (Breed  1938).  It  was  ob- 
served in  Saskatchewan,  Canada,  in  1933 
by  Fulton  who  emphasized,  however,  the 
prevalence  of  the  chronic  articular  type. 
He  has  secured  from  this  prevalent  type 
attenuated  cultures  that  produce  only 
articular  lesions. 

A  fairly  high  percentage  of  the  hogs 
killed  in  slaughter  houses  have  arthritis, 
which  supposedly  results  from  chronic 
lesions  of  erysipelas.  In  preliminary  studies 
on  these  arthritis  cases,  Heath  (personal 
communication)  and  Mcintosh  and  Mackie 
(personal  communication)  failed  to  find  the 
swine  erysipelas  bacillus  in  some  of  the 
animals  examined.  They  did  recover  the 
bacillus  from  certain  of  the  lesions  but 
found  very  few  of  the  cultures  to  be  highly 
pathogenic  for  mice.  Filamentous  forms 
were  always  found  among  the  short,  Gram- 
positive  rods  that  are  characteristic  of  the 
species. 

The    foregoing    evidence    indicates    that 


there  are  at  least  two  strains  of  the  swine 
erysipelas  bacillus,  the  highly  virulent 
strain  prevalent  in  Europe  and  the  weakly 
virulent  strain  prevalent  in  North  America. 
Although  the  highly  virulent  strain  recently 
observed  in  the  United  States  may  have 
been  imported  from  Europe,  there  is  no 
direct  evidence  of  this.  The  evidence  indi- 
cates, on  the  other  hand,  that  the  highly 
virulent  strain  developed  from  the  weakly 
virulent  one.  In  this  connection,  it  is  inter- 
esting to  note  that  Erysipelothrix  muri- 
septicae  (Flugge)  Bergey  et  at.,  first  found 
by  Koch  in  putrid  blood,  is  generally  con- 
sidered to  be  an  attenuated  strain  of  E. 
rhusiopathiae.  The  two  bacteria  differ  in 
their  virulence  for  swine  but  are  identical 
in  their  morphological,  serological,  and 
immunological  characteristics.  Both  are 
equally  virulent  for  small  laboratory  ani- 
mals (Hutyra  and  Marek  1922;  Edwards 
1931). 

The  erysipelas  bacillus  exhibits  variabil- 
ity not  only  in  nature  but  also  in  culture. 
The  first  evidence  for  variation  in  vitro  was 
obtained  by  Pasteur  while  developing  his 
well  known  methods  of  immunization.  He 
and  Thuillier  observed  that  the  bacillus 
became  attenuated  for  swine  during  incu- 
bation in  rabbits  that  are  relatively  resis- 
tant. These  attenuated  strains  did  not 
change  in  virulence  when  cultured  on 
bouillon  at  body  temperature.  Such  cul- 
tures were  used  as  the  vaccine  No.  I  of 
Pasteur.  Passage  of  the  strains  through 
pigeons  that  are  highly  susceptible  in- 
creases their  pathogenicity  for  swine;  such 
strains  are  used  in  making  vaccine  No.  II 
(Hutyra  and  Marek  1922;  Edwards  1931; 
Topley  and  Wilson  1929). 

Long  thread-like  forms  of  the  bacillus  are 
frequently  found  in  the  lesions  of  endo- 
carditis verrucosa  which  is  observed  mainly 
in  European  countries  in  the  chronic  form 
of  erysipelas.  Redlich  (1932)  separated 
cultures  from  such  sources  into  Rough  and 
Smooth  colonies  and  found  that  the  Rough 
ones  were  composed  of  filamentous-type 
bacteria,  the  Smooth  ones  of  rod-like  bac- 
teria. The  Rough  forms  were  the  more 
attenuated  of  the  two.    Hegyeli  (1931)  also 
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found  the  development  of  filamentous  forms 
in  broth  cultures  to  be  correlated  with  at- 
tenuation. On  the  other  hand,  Darzine 
(1926)  and  Panisset  and  Kolda  (1924) 
found  that  appearance  of  thread-like  organ- 
isms in  bile  bouillon  apparently  was  not 
followed  by  attenuation. 

Fowl  Cholera  Bacterium 

The  close  relationship  of  the  various 
members  of  the  Pasteurella  group  has  made 
it  impossible  to  differentiate  sharply  be- 
tween them.  According  to  Schiitze  (1929) 
of  the  Lister  Institute,  "The  Pasteurellas 
should  be  regarded  as  a  collection  of  strains 
fundamentally  identical,  though  capable  of 
adaptation  in  respect  to  one  or  the  other 
animal  host."  One  member  of  this  rather 
general  group  is  P.  aviseptica,  the  causal 
agent  of  fowl  cholera.  This  bacterium  is 
of  special  historical  and  scientific  interest 
because  it  was  the  micro-organism  with 
which  Pasteur  (see  Schiitze  1929)  first 
demonstrated  the  feasibility  of  using  arti- 
ficially attenuated  cultures  for  prophylactic 
vaccination. 

Under  natural  conditions  Pasteurella  avi- 
septica varies  considerably  in  its  virulence 
for  hens.  Most  strains  are  so  highly  viru- 
lent that  a  few  cells  constitute  a  lethal  dose 
(Stang  1901;  Bujwid  1919;  Hadley  1912). 
Cultures  have  been  isolated,  however,  by 
Mack  and  Records  (1916)  and  Hadley 
(1912,  1913)  which  were  not  lethal  even 
when  used  in  large  doses.  They  caused 
emaciation  and  a  mild  chronic  arthritis. 
Most  investigators  regard  the  bacterium  as 
an  obligate  parasite  even  though  some 
American  workers  (Mack  and  Records 
1916  and  Gomez  1926)  maintain  that  it  may 
occur,  in  an  avirulent  state,  as  a  saprophyte 
in  soil  or  stagnant  water. 

Since  Pasteur's  attenuated  strains,  ob- 
tained by  prolonged  exposure  of  broth 
cultures  to  air,  did  not  yield  satisfactory 
results  in  practical  application,  several  at- 
tempts have  been  made  to  develop  better 
vaccines.  Hadley  (1913,  1915)  obtained  a 
weakly  virulent  strain  that  became  further 
attenuated  after  being  retained  in  culture 
for  over  three  years.    This  attenuated  strain 


was  used  to  partially  immunize  rabbits  so 
that  they  could  survive  injection  with  small 
doses  of  a  highly  virulent  strain.  This 
method  of  vaccination  resulted  in  a  high 
degree  of  immunity.  The  method  later 
proved  successful  with  fowl.  From  aged 
cultures  of  Pasteurella  aviseptica,  Man- 
ninger  (1919)  isolated  a  completely  aviru- 
lent, true-breeding  variant  with  distinctive 
morphological,  cultural,  and  biological 
properties.  When  used  for  vaccination, 
this  variant  conferred  an  active  immunity 
of  from  2  to  4  months'  duration.  Man- 
ninger  ascribes  the  attenuation  in  his  cul- 
tures to  the  influence  of  accumulating  met- 
abolic products  that  favor  the  development 
and  reproduction  of  avirulent  individuals 
in  the  bacterial  population.  Hadley  (1927) 
pointed  out  that  Manninger  apparently 
obtained  a  Rough  variant  of  P.  aviseptica 
which  had  become  predominant  in  his  cul- 
tures. 

Cattle  Actinomycosis  Organism 

The  organisms  classified  as  Actinomy- 
cetes  vary  greatly  in  their  morphological 
and  physiological  properties.  Many  of 
them  occur  in  the  soil  as  saprophytes ;  some 
of  them  are  capable  of  causing  disease  in 
plants,  while  others  cause  disease  in  man 
and  animals.  The  first  of  these  to  be 
studied  was  Actinomyces  oovis  which  Bol- 
linger, in  1877,  recognized  as  the  cause  of 
a  pathological  condition  of  the  jaw  bone  in 
cows.  The  botanist  Harz  identified  the 
granular  bodies  found  in  the  lesions  as 
being  of  a  fungous  nature  and  established 
the  genus  Actinomyces  Harz,  for  organisms 
of  this  type.  This  generic  name  is  now 
generally  accepted  for  all  of  the  ray-fungi 
which  are  characterized  by  the  radial 
arrangement  of  club-shaped  threads  at  the 
periphery  of  mycelium-like  colonies. 

There  are  both  aerobic  and  anaerobic 
species  of  Actinomyces.  Both  types  cause 
lesions  in  man  and  animals,  the  most  im- 
portant anaerobic  species  probably  being 
Actinomyces  oovis,  type  Wolff-Israel.  One 
of  the  aerobic  species  causes  the  so-called 
Madura  foot  in  man  and  a  second  is  respon- 
sible for  Farcy  in  cattle.    These  two  species 
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are  either  not  acid-fast  or  are  weakly  so, 
but  others,  such  as  A.  asteroides  Epp.  and 
A.  gypsoides,  from  pulmonary  and  abdomi- 
nal infections  in  man,  are  acid-fast.  All 
species  are  Gram-positive. 

For  some  time  it  was  believed  that  the 
saprophytic  species  of  Actinomyces  found 
in  soil  and  on  grass  became  pathogenic 
after  entering  the  animal  body.  This  belief 
was  based  on  Bostroem's  findings  in  1890. 
However,  more  recent  work  by  "Wolff -Israel, 
"Wright  (190^-5),  Colebrook  (1921),  and 
many  others  has  shown  that  the  parasitic, 
anaerobic  type  described  by  Wolff -Israel  is, 
for  the  most  part,  the  cause  of  actinomy- 
cosis in  man  and  cattle  (Bulloch  et  at. 
1931;  Sedlmeier  1936;  Topley  and  Wilson 
1929). 

Foulerton  (1910,  1912)  advocated  that 
the  acid-fast  bacteria  of  the  Mycobacteri- 
aceae  be  included  in  the  Actinomycetaceae 
because  of  the  close  relation  between  the 
two  families.  Claypole  (1913)  has  since 
shown  by  complement  fixation  tests  that 
Mycobacterium    tuberculosis   is   similar   to 


some  species  of  Actinomyces.  Mitchell 
(personal  communication)  has  also  shown 
a  serological  reaction  between  the  tubercle 
bacillus  and  the  acid-fast  species,  A.  gypso- 
ides and  A.  asteroides.  The  tubercle  ba- 
cillus did  not  react  serologically  with  the 
non-acid-fast  A.  bovis.  There  was,  how- 
ever, a  cross  complement  fixation  reaction 
between  A.  bovis  and  the  acid-fast  species. 
Mitchell  thought  that  the  antigenic  rela- 
tionships observed  in  this  series  might  be 
explained  on  the  basis  of  an  evolutionary 
development  in  the  different  species. 

Tubercle  Bacillus 

Of  the  numerous  members  in  the  group 
of  Mycobacteria,  we  are  here  concerned 
only  with  Mycobacterium  tuberculosis,  espe- 
cially with  its  bovine  type,  and  with  M. 
paratuberculosis.  It  is  generally  accepted 
that  the  various  members  of  the  species  M . 
tuberculosis  are  phylogenetically  of  identi- 
cal origin.  There  is  no  unanimous  opinion 
regarding  the  specificity  of  the  types  known 
at  present,  but  it  may  be  safely  stated  that 


Fig    1      Growth   of   a  virulent   strain   of   Mycobacterium  tuberculosis  on  ordinary  glycerinated  potato 
broth  medium,  Calmette's  glycerinated  ox  bile-potato  medium,  and  on  Petroff ' s  gentian  violet  egg  medium. 
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most  bacteriologists  now  regard  the  various 
members  as  being  distinctly  different 
(Gotschlich  1929). 

Atypical  strains  occur  very  rarely  in 
nature.  Such  strains  have,  however,  been 
isolated  by  members  of  the  Royal  Commis- 
sion (1911)  from  lymph  glands  of  man;  by 
Rabinowitsch  (1906)  from  infected  mon- 
keys; and  by  Griffith  (1924)  from  lupus. 
From  a  crow,  Mitchell  and  Duthie  (1929) 
isolated  an  atypical  strain  that  was  patho- 
genic for  chickens,  guinea  pigs,  and  rabbits. 
The  strain  was  less  virulent  for  rabbits 
than  for  guinea  pigs  and  chickens.  It  re- 
mained virulent  for  guinea  pigs  after  pas- 
sage through  chickens  and  was  fully  viru- 
lent for  chickens  after  incubation  in  guinea 
pigs. 

The  claim  has  been  made  that  some 
strains  of  the  tubercle  bacillus  may  be 
modified  by  artificial  means,  such  as  pas- 
sage through  a  heterologous  host,  but  many 
of  the  experiments  will  not  stand  critical 


examination.  In  the  final  analysis,  such 
experiments  are  open  to  question  unless 
there  is  some  assurance  that  the  host  did 
not  develop  spontaneous  tuberculosis  and 
that  the  cultures  used  were  free  of  variant 
strains. 

There  is  much  better  evidence  of  changes 
of  Mycobacterium  tuberculosis  in  culture. 
Cultures  incubated  under  special  condi- 
tions may  change  either  in  their  morpho- 
logical and  cultural  characteristics  or  in 
their  pathogenicity  and  other  biological 
properties  (Kirchner  1931;  Lange  1932). 
For  example,  Calmette  and  Guerin  (1924) 
found  that  a  highly  virulent  bovine  strain 
became  fully  attenuated  after  230  passages 
on  a  glycerinated  ox  bile-potato  medium 
over  a  period  of  13  years.  They  claimed 
that  the  attenuated  strain,  designated  as 
BCG,  was  completely  innocuous  for  all 
small  laboratory  animals,  cows,  and  man, 
yet  had  a  pronounced  immunizing  property. 
Although  the  opinion  regarding  the  latter 
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Fig.  2.     Pathogenicity  of  Mycobacterium  tuberculosis  for  guinea  pigs  after  monthly  serial  transfers  on 
ordinary  potato  medium  (A),  gentian  violet  egg  medium  (B),  and  Calmette 's  ox  bile-potato  medium  (C). 
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Fig.  3.     Pathogenicity  of  Mycobacterium  tuberculosis  for  rabbits  after  monthly  serial  transfers  on  ordi- 
nary potato  medium  (A),  gentian  violet  egg  medium   (B),  and  Calmette's  ox  bile-potato  medium   (C). 


claim  is  still  divided,  BCG  cultures  are 
used  in  many  countries  for  prophylactic 
vaccination  of  children  on  a  large  scale. 
In  1933,  Calmette,  Guerin,  and  Negre  re- 
ported the  complete  attenuation  of  a  human 
strain  after  418  successive  transfers  dur- 
ing a  period  of  22  years  on  ox  bile  medium. 
It  was  necessary,  however,  to  acclimatize 
this  strain  to  ox  bile  by  carrying  it  for  over 
one  year  on  a  human  bile-potato  medium. 
Further  light  has  been  thrown  on  the 
circumstances  governing  variability  of  the 
tubercle  bacillus  in  vitro  by  studying  the 
phenomenon  of  microbic  dissociation.  Pet- 
roff  and  his  coworkers  have  the  credit  for 
initiating  such  studies.  They  observed  that 
this  bacillus,  like  many  other  micro-organ- 
isms, may  produce  Rough,  Smooth,  and 
intermediate  types  of  variants.  These  ob- 
servations facilitated  an  understanding  of 
the  fundamentals  underlying  variability. 
The  characteristics  of  a  culture  could  be 
changed  very  easily  by  creating  conditions 


which  would  favor  one  strain  more  than 
others  in  the  culture.  Development  of  the 
attenuated  BCG  culture  on  potato-ox  bile 
medium  is  considered  to  be  due  to  the 
selective  growth  of  a  Rough  type  of  variant 
on  this  medium.  For  example,  the  experi- 
ments of  Petroff,  Branch  and  Steenken 
(1929)  and  of  Reed,  Orr,  and  Rice  (1934) 
have  shown  that  on  this  medium  there  is 
an  increase  in  the  Rough  variants  and  a 
decrease  in  the  Smooth  type.  By  altering 
the  cultural  conditions,  they  were  able  to 
reverse  the  trend  so  that  the  Smooth  type 
became  predominant.  The  Smooth  types 
obtained  from  BCG  cultures  proved  to  be 
virulent. 

Watson  and  his  coworkers  (1928,  1933) 
obtained  similar  results  by  inoculating 
guinea  pigs  subcutaneously  or  intraperi- 
toneally  with  suspensions  of  three  strains 
of  BCG  cultures  obtained  from  the  Pas- 
teur Institute,  Lille  and  Paris.  Four  of 
the  cultures  reisolated  from  these  guinea 
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pigs  were  virulent  and  of  the  usual  Smooth 
bovine  type.  One  of  the  virulent  sub- 
strains, obtained  from  an  animal  inoculated 
with  the  Pasteur  Institute  strain  No.  BCG 
80,  showed  a  marked  decrease  in  virulence 
after  serial  transfer  on  glycerinated  potato 
broth  medium  for  several  years.  This  sub- 
strain was  obtained  by  the  author  and 
transferred  to  Calmette's  ox  bile-potato 
medium  in  order  to  attenuate  it  completely. 
Serial  subcultures  were  made  each  month 
on  this  medium,  on  ordinary  potato 
medium,  and  on  PetrofTs  egg  medium. 
The  growth  on  ox  bile  was,  from  the  be- 
ginning,  gray-green,   smooth,   and   slightly 


Fig.  4.     Type  of  growth  produced  by  Johne's  ba- 
cillus, Mycobacterium  paratuberculosis,  on  Long's 
synthetic  medium  adjusted  to  pH  5.5  to  5.8  devoid 
of  M.  phlei  extract. 

glistening,  with  superimposed  hemispheri- 
cal mounds  (Fig.  1,  center  tube).  A  duller, 
dry  type  of  growth  was  produced  on  other 
media  (Fig.  1,  first  and  third  tubes). 

The  culture  on  ox  bile  medium  was  tested 
for  pathogenicity  on  nine  different  occa- 
sions between  the  fifth  and  thirty-seventh 
transfers.  The  tests  were  usually  made  at 
intervals  of  4  to  5  months.  In  each  test, 
4  guinea  pigs  were  inoculated  intraperi- 
toneally  with  1,  1.5,  2,  and  2.5  nig  of  cul- 
ture, respectively,  and  a  rabbit  intrave- 
nously with  1  mg.  The  degree  of  virulence 
was  expressed  according  to  the  scale  used 


Fig.  5.     Strain  No.  1  before  changing. 

in  our  laboratory  for  assaying  tuberculous 
lesions.  A  maximum  infection  is  repre- 
sented by  100,  but  even  the  most  virulent 
cultures  seldom  produce  more  than  75  to  85 
per  cent  involvement.    The  culture  used  in 


Fig.  6.  The  smooth  type  of  growth  produced  by 
Johne's  bacillus,  strain  No.  1,  after  a  period  of  cul 
ture  on  Long's  synthetic  medium  at  pH  6  to  6.4. 
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these  tests  never  produced  more  than  16 
per  cent,  so  it  may  be  considered  as  fairly 
well  attenuated  and  capable  of  producing 
only  local  lesions.  The  lesions  produced 
during'  the  last  two  years  of  the  test  were 
smaller  than  those  produced  at  the  begin- 
ning (as  is  shown  in  Fig.  2).  The  culture 
was  so  attenuated  that  it  was  comparable 
to  the  true  BCG  strain  from  which  its  viru- 
lent parent  type  was  derived.  This  attenu- 
ation came  about  after  8^  years  on  an  ordi- 
nary medium  and  3J  years  on  Calmette's 
ox  bile  medium.  Fig.  2  summarizes  the 
data  on  this  culture. 

The  subculture  maintained  on  Petroff's 
egg  medium  during  this  same  period  was 
just  as  attenuated  as  that  on  ox  bile,  as  is 
also  shown  in  Fig.  2.  Both  cultures  were 
able  to  produce  lesions,  however,  when 
exceedingly  heavy  doses  (up  to  7  mg)  were 
used.  Results  from  these  heavy  inocula- 
tions indicated  that  the  culture  on  ox  bile 
was  the  more  attenuated  of  the  two.  Fig.  3 
shows  that  tests  with  rabbits  gave  results 
similar  to  those  with  guinea  pigs.  The  cul- 
tures on  ox  bile  and  egg  media  were  com- 
pletely avirulent,  even  when  doses  of  6  mg 
were  injected  intravenously.  As  previously 
mentioned,  a  marked  degree  of  attenuation 
was  found  in  the  culture  maintained  on 
glycer mated  broth  potato  medium  in  the 
years  from  1929  to  1933.  This  attenuation 
is  shown  graphically  in  curve  A  of  Figs.  2 
and  3. 

The  experiments  described  complete  the 
cycle  of  variation  in  virulence  for  this  bac- 
terium. Calmette  started  with  a  virulent 
bovine  strain  and  attenuated  it  in  culture 
to  obtain  strain  BCG.  Watson  (1928, 
1933)  obtained  a  virulent  form  from  strain 
BCG,  and  the  virulent  derivative  has  since 
been  attenuated  until  it  is  no  more  virulent 
than  strain  BCG.  There  is  no  direct  evi- 
dence to  explain  these  cycles,  but  the  fol- 
lowing suggestion  seems  worth  making. 
The  avirulent  strain  BCG  is  so  unstable 
that  it  produces  virulent  Smooth  types 
(Reed,  Orr,  and  Rice  1934).  These  Smooth 
types  became  predominant  when  Watson 
injected  the  mixed  cultures  into  guinea 
pigs  and  they  consequently  were  reisolated 


as  the  prevalent  type.  However,  such 
Smooth  types  are  known  to  be  unstable, 
and  during  the  prolonged  incubation  in 
culture  they  produced  attenuated  strains 
that  gradually  replaced  the  virulent  type. 

Joiine's  Bacillus 

Very  little  is  known  in  regard  to  changes 
in  virulence  of  Mycobacterium  paratuoer- 
culosis  or  Johne's  bacillus,  the  causative 
agent  of  paratuberculous  enteritis  of  cattle. 
This  lack  of  information  is  probably  due 


Fig.  7.     The  high  folded  smooth  growth  produced 

by  the  variant  type  of  Jolme  's  bacillus,  strain  No.  1, 

of  Fig.  6,  when  cultured  on  potato  cubes  immersed 

in  Long's  synthetic  medium. 

to  the  facts  that  the  disease  is  chronic  and 
that  the  bacterium  is  not  transmissible  to 
small  laboratory  animals.  The  micro-organ- 
ism was  first  isolated  by  Twort  and  Ingram 
in  1911  (1913).  As  a  rule,  it  cannot  be  iso- 
lated and  propagated  unless  the  medium 
contains  extracts  from  other  acid-fast 
organisms  such  as  M.  phlei  (Moeller) 
Bergey  et  al.  which  was  found  to  be  suit- 
able for  this  purpose.     However,  some  of 
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Fig.  8.     Influence  of  H-ion  concentration  on  certain  strains  of  Johne's  bacillus,  other  than  strain  No.  1. 
Three-month-old  parent  culture  at  pH  5.6  and  l|-month  subcultures  at  pH  5.6  and  6.7,  respectively,  from 

left  to  right. 


the  older  laboratory  strains  isolated  by 
Twort  and  Ingram  were  observed  to  grow 
luxuriantly  without  these  substances,  but 
this  fact  has  not  been  emphasized  until 
recent  years. 

Some  variability  was  observed  in  the  cul- 
tural characteristics  of  our  stock  cultures 
CHART3 


of  Johne's  bacillus  as  it  became  adapted  to 
growing  on  Long's  synthetic  medium,  in 
the  absence  of  Mycobacterium  phlei  extract. 
These  changes  are  illustrated  in  Figs.  4 
to  7.  All  cultures  were  grown  on  Long's 
plain  synthetic  medium  or  on  potato  sur- 
rounded by  this  medium.     The  character- 
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curve  a;  10  cultures 
curve  b=  5  Cultures 


Effect  of  cultures  of  the  Smooth  type  of  Johne  's  bacillus  on  pH,  when  grown  in  Long 's  syn- 
thetic medium.     The  Smooth  type  bacteria  gradually  render  the  medium  more  alkaline. 
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Fig.  10.     Effect  of  cultures  of  the  Kough  type  of  Johne's  bacillus  on  pH,  when  grown  on  Long's  syn- 
thetic medium.     The  Kough  type  bacteria  gradually  render  the  medium  more  acid. 


istic  granular,  knobby,  folded  growth  seen 
in  most  of  onr  strains,  especially  at  pH  5.5 
to  5.8,  is  shown  in  Fig.  4. 

One  of  our  strains  (No.  1)  gradually 
changed  from  the  granular-knobby  type 
into  a  smooth,  thin,  slightly  glistening  and 
folded  island  type  of  growth.  This  trans- 
formation was  complete  after  approxi- 
mately one  year  and  occurred  apparently 
under  the  modifying  influence  of  an  H-ion 
concentration  of  pH  6  to  6.4.  Since  1932, 
all  cultures  of  this  strain  have  grown  in  a 
smooth,  slightly  folded  fashion,  particu- 
larly when  on  potato  cubes  immersed  in 
Long's  synthetic  medium.  The  original 
granular  growth  is  illustrated  in  Fig.  5,  the 
smooth  type  on  Long's  synthetic  medium 
in  Fig.  6,  and  the  folded  smooth  growth  on 
potato  in  Fig.  7.  An  attempt  to  cause  re- 
version to  the  granular  growth  by  adjust- 
ing the  medium  to  pH  5.5  to  5.8  and  by 
adding  Mycobacterium  phlei  extract  was 
unsuccessful. 

The  influence  of  H-ion  concentration  on 
the  character  of  growth  in  two  other  strains 
of  our  collection  was  noticeable  and  is  illus- 
trated very  well  by  the  cultures  shown  in 
Fig.  8.  The  center  flask  with  medium  at 
pH  5.6  has  a  granular  folded  growth,  while 
the  flask  on  the  right  with  medium  at  pH 
6.7  has  smooth,  thin,  slightly  glistening  and 
mucoid  islands.  In  the  flask  at  the  extreme 
left  is  shown  the  mature  parent  culture 
grown  at  pH  5.6. 

There  are  many  pleomorphic  forms  in 
the  smooth  growth  of  strain  I  on  Long's 
synthetic  medium.     There  is  also   a  high 


percentage  of  cells  that  are  not  acid-fast  or 
are  only  partially  so.  In  granular  cultures, 
on  the  other  hand,  the  cell  morphology  is 
fairly  uniform  and  there  are  few  semi-  or 
non-acid-fast  individuals. 

The  smooth  growth  in  Long's  synthetic 
medium  shown  in  Fig.  9  is  remarkable  in 
that  it  gradually  renders  the  medium  more 
alkaline.  The  granular,  rough  strains 
shown  in  Fig.  10  make  the  medium  more 
acid.  A  similar  trend  of  the  reaction 
curves  was  found  by  Birkhaug  (1935)  in 
his  experiments  with  the  Smooth  and  Rough 
variants  of  the  avian  strain  of  the  tubercle 
bacillus.  In  view  of  the  close  relationship 
between  the  avian  tubercle  bacillus  and 
Johne's  bacillus,  this  seems  to  be  of  some 
significance,  suggesting  that  our  smooth 
strain  is  a  Smooth  variant  of  Johne's  ba- 
cillus and  that  granular  strains  are  com- 
posed mainly  of  Rough  variants  which  pre- 
dominate under  cultural  conditions  most 
suitable  for  a  luxuriant  growth. 

Although  comparative  pathogenicity  tests 
with  Smooth  and  Rough  cultures  of  Johne  's 
bacillus  were  not  possible,  their  alternative 
sensitizing  power  and  the  potency  of  their 
johnins  was  measured  on  guinea  pigs.  In  a 
few  preliminary  experiments  these  proper- 
ties of  the  smooth  strain  appeared  to  be  of 
a  lower  degree  than  those  of  the  granular 
strains. 

Summary 

In  the  foregoing  review  an  attempt  has 
been  made  to  illustrate  the  variability  in 
virulence  of  bacteria  for  animals  by  dis- 
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cussing  several  important  micro-organisms. 
The  changes  in  pathogenicity  have  been 
correlated,  wherever  possible,  with  changes 
in  physiological  and  morphological  proper- 
ties. 

Many  of  these  spontaneous  variations 
have  occurred  in  nature  so  that  the  modi- 
fying environmental  factors  are  not  well 
known.  Such  variations  are,  however,  very 
important  insofar  as  they  affect  both  our 
study  of  epidemics  and  our  concept  of  bac- 
terial species. 

Some  of  the  variations  known  to  occur  in 
nature  have  been  duplicated  under  rigidly 
controlled  conditions  in  pure  culture.  By 
employing  the  variants  as  vaccines,  it  has 
been  possible  to  develop  various  prophy- 
lactic measures  that  have  greatly  influenced 
the  control  of  infectious  diseases.  Some  of 
the  best  examples  of  the  use  of  attenuated 
strains  may  be  found  in  the  brilliant  work 
of  Pasteur  on  anthrax,  swine  erysipelas, 
and  fowl  cholera. 
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Introduction 
The  bacteria  causing  diseases  in  plants 
are  considered  in  a  further  discussion  on  the 
genetics  of  pathogenic  organisms.  In  the 
evolutionary  scale  the  bacteria  comprise 
the  lowest  group.  If  some  champion  of  a 
virus  wishes  to  challenge  this  claim  to  dis- 
tinction, we  shall  gladly  yield  in  his  favor 
and  say  that  the  bacteria  are  the  lowest 
readily  visible  forms.  One  can  see  them 
with  a  good  microscope,  but  that  is  about 
all.  Even  our  sense  of  humor  fails  to  con- 
template both  crossing  Erwinia  amylovora 
(Bur.)  Winslow  et  at.  with  E.  carotovora 
(Jones)  Holl.  and  testing  the  progeny  to 
see  whether  or  not  they  would  be  ''aggres- 
sors" against  carrots  in  a  three  to  one  ratio. 
Present  technique  is  hopelessly  inadequate 
for  such  an  attempt.  But  low  as  they  are, 
the  bacteria  make  up  in  activity  for  what 
they  lack  in  size.  Some  of  them  show  great 
variability,  which  makes  the  term  "ge- 
netics" clearly  applicable  to  them.  Cole 
and  Wright  (1916)  discussed  the  use  of  bac- 
teria for  genetic  studies  and  emphasized 
long  ago  the  importance  of  taking  genetic 
concepts  into  account.  Since  the  bacteria 
multiply  at  enormous  rates — several  times 
within  an  hour  or  over  2000  times  in  a 
month,  under  favorable  conditions — they 
are  surprisingly  stable.  As  Brierley  (1922) 
says,  this  ".  .  .  implies  an  extremely  deli- 
cate and  constant  hereditary  mechanism, 
quite  comparable  in  its  behavioristic  fixity 
and  nicety  to  that  in  higher  organisms." 
Although  Mendelian  ratios  are  beyond  pres- 
ent reach,  one  can  readily  study  the  clear- 
cut  variations  which  may  occur  frequently, 
and  which  are  of  great  theoretical  and  prac- 
tical importance. 

Opportunity  for  Basic  Work  with  Plant 
Pathogens.  Investigations  on  variability 
in  bacteria  are  fully  justified  merely  from 
the  standpoint  of  plants  and  plant  diseases. 


In  addition,  many  of  the  broad  fundamen- 
tal questions  in  biology  regarding  virulence, 
infection,  immunity,  and  epidemiology  can 
be  approached  through  this  group  of  bac- 
teria with  a  facility  worthy  of  special  con- 
sideration. In  the  limited  space  available 
for  this  discussion,  it  seems  better  to  em- 
phasize points  of  view,  opportunities,  and 
requirements  for  future  work  along  these 
basic  biological  lines  than  to  give  a  detailed 
classification  of  variations  among  bacterial 
plant  pathogens. 

The  common  meeting  grounds  for  the 
human,  animal,  and  plant  bacteriologists 
are  very  real,  although  not  always  imme- 
diately apparent.  Some  of  the  analogies 
drawn  between  animal  and  plant  diseases — 
for  example,  in  relation  to  "cancers"  or 
"tumors" — have  been  severely  criticized. 
Quite  aside  from  the  merits  of  these  discus- 
sions, some  of  them  have  appeared  to  draw 
these  groups  of  workers  away  from  each 
other  and  to  emphasize  the  differences  be- 
tween their  subjects  rather  than  the  simi- 
larities. However,  it  seems  so  well  accepted 
that  many  basic  life  processes  in  cells  of 
plants  and  animals  (including  man)  are 
similar  that  this  point  needs  no  discussion 
here.  It  is  likewise  unnecessary  to  elab- 
orate on  the  axiomatic  statement  that  a 
fundamental  advance  in  one  biological  field 
very  commonly  assists  in  the  development 
of  related  fields. 

The  mutual  interests  of  the  human,  ani- 
mal, and  plant  bacteriologists  are  very  close, 
if  not  identical,  in  many  fundamental  sub- 
jects. Since  these  mutual  interests  are  quite 
broad  and  have  been  treated  extensively 
elsewhere  (e.g.,  Brierley  1922a),  only  some 
of  the  more  important  topics  (see  Brierley 
1929)  pertinent  to  our  title  are  listed  here. 
They  include : 

(1)  Life  cycles,  referring  to  changes  in 
the  morphology  of  individual  cells  and  the 
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relation     of     these     different     forms     to 
virulence. 

(2)  Changes  in  colony  characters  and 
physiology,  including"  particularly  changes 
in  pathogenicity. 

(3)  Factors  attending  changes,  such  as: 
time,  frequency  and  conditions  of  origin, 
influence  of  environment,  and  relation  to 
earlier  and  succeeding  generations. 

(4)  Statistical  analysis,  to  clarify  the 
origin  and  frequency  of  the  variations 
observed. 

(5)  Life  histories  of  the  pathogen  in 
relation  to  entrance  into  the  host,  location, 
exit,  and  transmission  to  a  new  host,  which 
are  the  essentials  (Smith  1921)  of  studies 
in  epidemiology,  and  which  are  so  vitally 
influenced  by  variations  in  the  pathogen. 

The  physical,  chemical,  and  bacteriologi- 
cal techniques  employed  by  the  human,  ani- 
mal, and  plant  bacteriologists  are  essentially 
similar,  differing  only  in  minor  modifica- 
tions imposed  by  the  host. 

The  experimental  facility,  provided  by 
many  plant  diseases,  deserves  consideration 
for  fundamental  biological  studies.  The 
kinds  of  plant  diseases  available,  and  some 
of  the  experimental  advantages  they  offer 
the  technician,  are  worth  mentioning.  A 
list  of  over  150  bacterial  plant  pathogens, 
of  which  one  or  another  attacks  almost 
every  economic  plant,  is  given  by  Elliott 
(1930)  with  extensive  literature  citations. 
General  discussions  of  the  plant  pathogens 
are  presented  by  Link  (1928),  Smith 
(1920),  and  Stapp  (1928,  1935).  The  symp- 
toms in  plants,  caused  by  various  bacteria, 
differ  widely.  Several  classes  of  symptoms, 
which  overlap  more  or  less  completely,  are 
taken  up  briefly. 

(1)  Bacterial  galls.  Some  bacteria 
stimulate  growth.  Those  inducing  galls  on 
olives  and  sugar  beets  produce  more  or  less 
conspicuous  cavities  between  the  host  cells. 
The  crown-gall  organism,  Phytomonas 
tumefaciens  (Smith  and  Town.)  Bergey 
et  al.,  produces  inconspicuous  cavities,  or 
none  at  all,  in  the  host  and  induces  much 
hyperplasia  and  hypertrophy.  This  organ- 
ism has  a  very  wide  host  range.  It  is  per- 
haps  better  understood  than   any   of   the 


other  plant  pathogens,  because  of  the  paral- 
lels between  the  associated  pathological 
growths  and  those  found  in  a  well-known 
disease  in  higher  animals.  A  discussion  of 
crown  gall  in  relation  to  basic  biological 
research  has  been  given  by  Riker  (1939). 
Other  bacteria  related  to  the  crown-gall 
organism  produce  galls,  fasciations,  or  ex- 
cessive root  developments.  The  legume 
root-nodule  bacteria,  Bhizobium  sp.,  enter 
through  the  root  hairs  and  become  estab- 
lished inside  root  cells,  which  then  enlarge. 
The  surrounding  cells  increase  in  number. 
Nodules,  in  which  elemental  nitrogen  is 
fixed,  are  formed  of  varying  sizes  and  shapes 
characteristic  for  the  host  plant  and  bac- 
teria. Since  this  relation  is  beneficial,  it 
removes  these  bacteria  somewhat  from  the 
plant  pathogens  in  classification.  Because 
of  this  unique  and  economically  important 
physiological  property,  this  group  has  been 
studied  a  great  deal.  The  literature  is  re- 
viewed by  Fred,  Baldwin,  and  McCoy 
(1932).  The  bacteria  producing  other 
classes  of  symptoms,  with  perhaps  occa- 
sional exceptions,  have  received  much  less 
critical  study. 

(2)  Bacterial  wilt.  The  vascular  ele- 
ments of  certain  plants  are  invaded  by  bac- 
teria so  that  wilting  results.  In  some  cases, 
as  with  Erwinia  tracheiphila  (Smith)  Holl. 
in  cucurbits,  the  abundantly  formed  bac- 
terial gum  may  cause  a  mechanical  obstruc- 
tion. In  others,  the  toxic  action  of  the  bac- 
teria makes  the  picture  less  clear-cut. 
Recent  studies  on  variation  in  the  causal 
organism  of  corn  wilt,  Phytomonas  stewartii 
(Smith)  Bergey  et  al.,  are  discussed  later. 
A  vascular  invader  in  cabbage,  P.  campes- 
tris  (Pam.)  Bergey  et  al.,  is  important, 
particularly  because  it  opens  the  way  for 
soft-rot  organisms. 

(3)  Bacterial  soft  rot.  A  group  of  bac- 
teria, which  produce  pectinase  and  thus 
dissolve  the  material  holding  the  cells  to- 
gether, reduce  fleshy  plant  tissue  to  useless 
and  often  odorous  slime.  Erwinia  caroto- 
vora  is  an  example  of  this  type.  Variabil- 
ity in  this  group  is  reported  by  Leach 
(1930)  and  Stanley  (1938).  Rather  similar 
activity  in  stems  and  leaves,  perhaps  be- 
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cause  of  structure,  gives  different  symp- 
toms. 

(4)  Cankers  and  leaf  spots.  The  larg- 
est group  of  bacterial  plant  pathogens  in- 
cludes those  which  cause  spots  on  leaves 
and  cankers  on  stems.  Phytomonas  phaseoli 
(Smith)  Bergey  efr'al.,  and  Erwinia  amylo- 
vora,  which  cause  bean  and  pear  blights, 
respectively,  are  examples.  Some  organ- 
isms in  this  group,  such  as  P.  t abaci  ( W.  and 
F.)  Bergey  et  at.,  produce  a  toxic  substance 
which  diffuses  into  the  tissue  some  distance 
from  the  bacteria.  This  substance,  which  is 
heat  stable,  is  also  produced  on  culture 
media.  Thus  the  different  symptoms  caused 
by  plant  pathogens  give  a  wide  choice  of 
problems  for  basic  investigations. 

Some  of  the  more  technical  advantages 
of  working  with  plants  are  outlined.  For 
example : 

(1)  Large  numbers  are  easily  available. 
The  number  used,  whether  ten,  a  hundred, 
or  a  thousand,  is  commonly  adjusted  to  ex- 
perimental needs. 

(2)  The  initial  cost  and  the  expense  of 
maintaining  plants  are  very  low  in  com- 
parison with  those  of  animals. 

(3)  The  species  of  plants  attacked  fre- 
quently contain  varieties  or  selections  pos- 
sessing several  degrees  of  resistance  and 
susceptibility. 

(4)  Plants  are  suited  to  a  wide  range 
of  experimental  procedures,  many  of  which 
are  not  feasible  with  animals. 

(5)  Epidemics  are  induced  with  relative 
ease  and  can  be  studied  without  concern  for 
the  health  of  the  technicians  or  the  public. 

(6)  The  genetic  purity  of  the  host  can 
be  assured.  Seed  from  long  lines  of  suc- 
cessively self -fertilized  parents  are  already 
available  in  many  varieties  of  plants.  How- 
ever, when  this  is  not  sufficient,  one  can 
commonly  find,  or  easily  develop,  experi- 
mental units  all  genetically  identical 
through  vegetative  propagation.  For  ex- 
ample, within  a  named  variety  of  many 
fruits  and  ornamentals,  the  numerous  in- 
dividuals are  all  vegetative  parts  of  one 
original  selected  parent.  Except  for  oc- 
casional bud  variations,  they  are  all 
genetically  the  same.     This  is  particularly 


advantageous  since  pathogenicity  is  neces- 
sarily defined  in  terms  of  susceptibility  of 
the  host. 

For  the  sake  of  an  unsanguine  technician, 
it  might  be  added  that  plants  do  not  squeal, 
bite,  or  otherwise  create  an  atmosphere 
suggesting  an  unsympathetic  and  disor- 
ganized world. 

These  rather  general  comments  about  the 
opportunities  for  research  can  best  be  fol- 
lowed by  a  few  selected  examples  chosen 
with  no  pretense  at  covering  the  bacterial- 
disease  literature.  Among  them  are  in- 
cluded some  about  the  legume  root-nodule 
bacteria  without,  of  course,  an  implication 
that  they  produce  disease.  The  extensive 
research  on  their  well-known  symbiotic  rela- 
tionships adds  breadth  and  strength  to  the 
general  topic. 

Variations  and  Circumstances  of  their 
Appearance.  Variations  in  common  bac- 
teriological characters  of  the  plant  patho- 
gens have  frequently  been  observed.  The 
changes  in  cell  shape,  where  studied,  are 
similar  to  those  reported  by  Henrici  (1928). 
Such  changes  in  the  legume  root-nodule 
bacteria  are  well  known  (Fred  et  al.,  1932). 
Differences  in  colony  characters  have  been 
concerned  primarily  with  color,  consistency, 
phase  (especially  Rough  and  Smooth),  and 
the  formation  of  sectors.  Alterations  in 
such  characters  as  sugar  fermentation, 
nitrate  reduction,  and  serum  reactions  are 
also  relatively  common.  Cottr ell-Dormer 
(1936)  concluded  that  every  species  con- 
tains a  number  of  more  or  less  well  dif- 
ferentiated strains,  and  that  new  geno- 
typic  forms  arise  from  time  to  time.  In 
some  cases  variations  have  been  correlated 
with  pathogenicity,  while  in  others  they 
have  not.  However,  it  seems  probable  that, 
when  a  culture  shows  variability  in  cultural 
characters,  changes  in  virulence  may  also 
be  expected.  Pathogenicity  is  a  notoriously 
unstable  character  for  certain  plant  bacteria 
(Stapp  1935),  but  at  the  same  time  it  is 
an  outstanding  character  which  makes  these 
organisms  interesting  and  important. 

The  value  to  be  placed  on  the  reports 
of  variations  among  the  bacteria  patho- 
genic on  plants  involves  many  considera- 
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tions.  As  we  look  over  the  literature,  for 
example,  as  assembled  by  Elliott  (1930), 
we  are  impressed  by  the  many  conflicting 
reports  on  bacteriological  characters.  Per- 
haps one  should  approach  this  problem 
humbly  and  with  Huxley's  prayer  on  his 
lips,  "God,  give  me  courage  to  face  a  fact 
though  it  slay  me."  These  are  some  of 
the  disconcerting  facts  one  faces.  The 
variations  reported  for  these  bacteria  have 
appeared,  for  example,  because:  (1)  the 
bacteria  themselves  actually  have  varied, 
(2)  the  cultures  used  have  been  mixtures  of 
several  strains  or  even  species  of  bacteria 
instead  of  pure  cultures,  (3)  different 
methods  have  been  employed  for  determin- 
ing the  same  character,  (4)  the  same  meth- 
ods have  been  employed  under  different 
conditions,  which  influenced  results,  and 
(5)  the  same  results  have  been  interpreted 
differently  by  the  several  investigators.  If 
we  consider  the  crown-gall  organism  as  an 
example,  it  is  possible  to  find  one  "author- 
ity" for  saying  it  is  positive  and  another 
for  saying  it  is  negative  with  respect  to 
most  of  the  common  bacteriological  charac- 
ters. In  the  earlier  literature  there  is  sur- 
prising agreement  that  this  organism  pro- 
duces no  gas  from  glucose  or  sucrose.  Yet 
Conner  et  at.  (1937),  with  adequate  meth- 
ods, found  that  it  produced  from  .02  to  .05 
gm  of  carbon  dioxide  per  100  cc  of  medium, 
depending  on  conditions.  We  considered 
this  species  extremely  variable  until  we 
adopted  single-cell  technique  as  a  labora- 
tory routine  and  eliminated  contaminations 
or  mixtures  from  our  cultures.  The  use 
of  mixed  cultures  probably  has  caused  more 
apparent  variation  than  any  other  single 
factor. 

The  purity  of  the  bacterial  culture  is  of 
paramount  importance  in  studies  on  vari- 
ability in  pathogenicity.  In  the  bacteri- 
ological brood  of  ducks  the  question  con- 
tinually arises  concerning  the  status  of  an 
ugly  duckling.  Will  it  become  a  swan-like 
substantiation  of  a  beautiful  working  hy- 
pothesis about  variation,  or  will  it  turn  out 
a  mud  hen  demonstrating  only  an  error  in 
technique?  In  many  routine  procedures, 
anv  cultures  that  look  "different"  can  be 


discarded  as  contaminations.  However, 
when  variations  are  being  sought,  some 
means  must  be  provided  for  differentiating 
between  bona  fide  variants  and  "condam- 
nations,"  as  the  boys  call  them.  It  is  usu- 
ally recognized  that  those  who  rely  on  the 
common  poured-plate  technique  have  a  false 
sense  of  security.  The  interpretations  based 
on  single-colony  technique  are  sometimes 
quite  different  from  those  based  on  the 
same  cultures  when  single-cell  technique  is 
added.  For  example,  the  evidence  (Riker 
et  at.  1930)  from  single-colony  cultures  of 
crown-gall  and  hairy-root  bacteria,  even 
after  four  successive  replatings,  suggests 
that  they  intergrade  through  apparently 
intermediate  cultures.  However,  supple- 
mentary single-cell  cultures  showed  that  the 
"intermediates"  studied  were  mixtures 
(Riker  et  at.  1930;  and  Wright  et  al.  1930). 
Similarly,  among  the  legume  root-nodule 
bacteria,  the  pea  and  clover  organisms  were 
separated  with  certainty  only  by  single- 
cell  isolations  (Baldwin,  correspondence). 
The  use  of  single-cell  cultures  (e.g.,  Brierley 
1929;  and  Frobisher  1933)  would  provide 
an  easy  answer  to  questions  regarding  the 
original  unity  of  bacteria,  if  only  they  were 
not  so  small.  Many  attempts  to  provide  a 
satisfactory  technique  have  resulted  in  an 
extensive  literature  reviewed  by  Dickinson 
(1933),  Reyniers  (1933),  and  Hildebrand 
(1938).  While  the  procedures  are  not  yet 
fool  proof,  they  appear  to  be  indispensable 
adjuncts  to  the  poured-plate  technique.  Al- 
though single-colony  and  single-cell  cultures 
are  frequently  indistinguishable,  differences 
occur  so  often  that  single-cell  isolation  is  a 
routine  in  our  laboratories,  and  is  always 
employed  where  questions  of  variations 
appear. 

While  purity  of  cultures  is  essential  for 
many  studies,  it  may  be  recalled  that  mix- 
tures of  organisms  are  the  rule  in  nature 
and  deserve  investigation.  Variations  in 
the  disease-producing  activity  of  a  bac- 
terium may  occur,  not  because  of  an  inher- 
ent change  in  the  bacterium  itself,  but  be- 
cause of  differences  in  its  association  with 
some  other  organism.  For  example,  the 
blackleg  organism  causes  little  damage  on 
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potato  if  there  is  no  corn  maggot  to  break 
down  barriers  of  cork  tissue.  The  damage 
from  Phytophthora  late  blight  on  potato 
would  be  much  less  severe  if  there  were  no 
secondary  soft-rot  organisms.  The  role  of 
black  rot  of  cabbage  in  providing  an  infec- 
tion court  for  soft-rot  bacteria  has  already 
been  mentioned.  Examples  of  bacterial 
association  with  an  insect,  a  fungus,  or  an- 
other bacterium  would  not  be  complete  with- 
out mentioning  the  bacteriophage — if  it  can 
be  done  without  commitment  that  the  phage 
is  living'.  In  the  literature,  brought  to- 
gether by  Katznelson  (1937),  one  finds 
claims  that  a  phage  may  cause,  increase, 
or  decrease  the  pathogenicity  of  plant  bac- 
teria. The  whole  question  of  change  in 
pathogenicity  in  relation  to  antagonistic 
and  synergetic  relations  between  pathogenic 
agents  acting  together  appears  to  carry 
great  research  opportunity.  The  influence 
of  such  interactions  on  variations  among 
the  bacterial  pathogens  is  practically  un- 
touched. 

The  difficulties  accompanying  any  at- 
tempt to  evaluate  the  variations  reported 
in  the  literature,  the  time  available,  and  the 
enemies  we  might  create,  make  it  unwise  to 
present  a  critical  catalogue  of  the  observed 
changes.  Instead,  and  with  no  attempt  to 
review  the  literature,  let  us  examine  some 
examples  illustrating  particularly  alteration 
in  pathogenicity  and  a  few  of  the  attend- 
ing circumstances. 

A  slow  change  in  pathogenicity  has  been 
reported  for  Phytomonas  stewartii.  "Well- 
hausen  (1937)  increased  the  virulence  in 
single-colony  cultures  of  this  species  by  suc- 
cessive passages  (".  .  .  10-15  colonies 
pooled  constituted  the  inoculum  for  the 
next  passage")  through  resistant  sweet 
corn  plants  and  lowered  the  virulence  by 
similar  passage  through  susceptible  plants. 
If  substantiated  by  further  work,  this  is 
highly  significant  because  it  is  contrary  to 
the  usual  findings  with  animal  pathogens. 
Virulence  is  commonly  reduced  in  resistant 
animals  and  increased  in  susceptible  ani- 
mals (Arkwright  1930).  Similar  changes 
in  virulence  of  P.  stewartii  have  been  re- 
ported   by    McNew     (1938)     with    single- 


colony  cultures  purified  by  repeated  plat- 
ing and  grown  in  media  with  and  without 
organic  nitrogen.  He  says,  ' '  These  changes 
in  virulence  .  .  .  apparently  were  brought 
about  as  the  result  of  an  intensive  selec- 
tion of  variants  that  were  produced  by  the 
slightly  virulent  culture. ' '  With  a  number 
of  single-cell  cultures  of  Stewart's  wilt  bac- 
terium, Ivanoff  et  al.  (1938)  reported  dif- 
ferences in  plrysiology  and  pathogenicity. 
Some  types  were  relatively  stable  while 
others  seemed  to  change  slowly.  Lincoln 
(1939)  has  shown  that,  in  line  with  Well- 
hausen's  report,  the  virulent  bacteria  are 
favored  in  the  resistant  plants  and  the 
attenuated  bacteria  are  favored  in  the  sus- 
ceptible plants.  For  his  work,  Lincoln 
mixed  a  single-cell  virulent  culture  with 
a  single-cell  attenuated  culture,  inoculated 
plants,  and  studied  the  relative  proportion 
of  each  culture  before  and  after  plant 
passage. 

These  investigations  by  Lincoln  indicate 
that  two  problems  need  clearly  to  be  differ- 
entiated in  work  on  the  ''genetics"  of  bac- 
terial pathogens.  In  the  first  problem,  there 
are  mixed  together  two  or  more  strains  of 
bacteria  which  are  different  in  relation  to 
the  character  being  studied.  In  one  host  or 
culture  medium  one  strain  outgrows  the 
others,  while  in  another  host  or  medium, 
some  different  strain  predominates.  A  char- 
acter such  as  pathogenicity  might  increase 
or  diminish,  as  Lincoln  shows,  depending 
on  the  predominance  of  one  strain  or  an- 
other. Such  information  is  valuable,  but 
really  is  quite  different  from  the  type  of 
variation  we  are  discussing.  The  purity 
of  the  original  cultures  is  obviously  essential 
for  eliminating  confusion  between  this 
phenomenon  and  variation  in  an  originally 
pure  culture.  In  this  second  problem,  there 
is  only  one  strain  of  a  bacterial  pathogen 
at  the  beginning.  The  variations  which 
occur  in  its  progeny  are  of  fundamental 
biological  importance  and  deserving  of 
exhaustive  study.  The  two  problems  are 
intimately  related  because,  when  one  starts 
with  a  "pure"  culture  and  then  finds  that 
a  bona  fide  variation  has  occurred,  one 
desires  to  learn  how  the  two  cultures  inter- 
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act.  However,  it  is  with  the  second  of  these 
two  problems  that  we  are  primarily  con- 
cerned. 

Slow  changes  in  pathogenicity  have  also 
been  found  for  cell-stimulating  cultures. 
With  legume  root-nodule  bacteria,  passage 
of  homologous  strains  through  red  clover, 
soybeans,  peas,  and  alfalfa,  respectively, 
may  increase  or  diminish  effectiveness  de- 
pending on  the  strain  (Allen  and  Bald- 
win 1931) ,  as  shown  in  Fig.  1.  Legume  cul- 
tures are  reduced  in  effectiveness  by  growth 
on  glycine  media  (Longley  et  at.  1937). 
This  is  also  the  case  with  crown-gall  cul- 
tures. Single-cell  crown-gall  cultures, 
which  have  been  constant  in  virulence  for 
10  years,  have  been  attenuated  (see  Fig.  2) 
by  10  to  20  successive  transfers  in  glycine 
and  related  compounds  (Riker  et  al.  1938). 
Frequent  use  of  single-cell  technique  was 
made  throughout  the  work,  in  order  to 
avoid,  as  far  as  possible,  any  mixture  of  cul- 
tures. In  more  recent  unpublished  work, 
attenuated  cultures  have  been  restored 
practically  to  full  virulence  by  cultivation 


on  routine  yeast-infusion-sugar  media. 
More  than  half  a  dozen  compounds  related 
to  glycine  have  similar  attenuating  effects, 
while  other  related  substances  do  not.  So 
far,  there  seems  to  be  no  connection  between 
the  structure  of  the  amino  compounds  and 
capacity  for  attenuation.  It  will  be  inter- 
esting to  study  whether  these  materials 
which  prevent  the  pathological  growth  of 
crown-gall  cells  will  also  influence  the 
pathological  growth  of  certain  animal  cells. 
Slow  loss  of  pathogenicity  in  cultures 
from  other  species  is  commonly  reported  in 
the  literature.  For  example,  Braun  (1937) 
found  that  single-cell  cultures  of  the  tobacco 
wild-fire  organism,  Phytomonas  tabaci, 
slowly  lost  the  capacity  for  producing  a 
toxic  substance.  Frequent  transfers  on 
beef-extract-peptone-sugar  media  brought 
about  the  change  more  rapidly  than  oc- 
casional transfers.  A  correlation  is  sug- 
gested between  rate  of  growth  and  change. 
However,  this  variation  apparently  did  not 
influence  the  ability  of  the  bacteria  to  in- 
vade tobacco  leaf  tissue.     Ark   (1937)   ob- 
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Fig.  1.  Effects  of  successive  plant  passage  through  red  clover  on  the  legume  root-nodule  bacteria.  The 
cultures  were  passed  through  plants,  recovered,  placed  in  stock,  and  transfers  passed  again  successively 
through  other  plants.  Original  stock  cultures  and  later  subcultures  which  had  passed  1,  2,  and  3  times 
through  plants  were  all  employed  in  a  parallel  series  with  uninoculated  controls.  Within  limits,  strain  201 
decreased  in  effectiveness  and  strain  202  increased.      (After  Allen  and  Baldwin  1931.) 
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Fig.  2.     Eesults  of  inoculations  on  tomato  stems  with  cultures  grown   15   to   20   successive  transfers  in 

media  containing,  respectively,   (A)   0.3  per  cent  glycine,  (B)  1.0  per  cent  glycylglycine,  (C)  2.4  per  cent 

alanine,    (D)    2.7  per  cent  dicyandiamide,  and    (B)  5.0  per  cent  potassium  nitrate.     A,  B,  and  C  show 

attenuation,  D,  partial  attenuation,  and  E,  no  attenuation. 


served  an  increase  in  virulence  in  single- 
cell  fire-blight  cultures,  Erwinia  amylovora, 
during  successive  passages  through  2  per 
cent  sucrose  broth,  and  a  decrease  in 
virulence  during  passages  through  10  per 
cent  sucrose  broth.  While  slow  changes  in 
single-cell  cultures  occur,  individual  cells 
in  these  cultures  may  undergo  rapid 
changes  which  are  slow  in  making  their  ap- 
pearance in  the  activity  of  the  whole 
culture. 

A  rapid  change  in  character,  sometimes 
accompanied  by  a  change  in  virulence,  has 
been  shown  by  several  lines  of  work.  Sec- 
tors, which  indicate  a  sudden  change,  have 
been  observed  in  different  species  of  bac- 
teria. For  example,  Nirula  (1928)  found 
saltations  in  several  single-cell  cultures. 
In  spite  of  repeated  trials,  he  found  no  re- 
versions. Bryan  reported  sectors  lower  in 
virulence  in  single-colony  cultures  patho- 
genic on  tomato  (1931)  and  cucumber 
(1932).  Cottrell-Dormer  (1936)  found  sec- 
tors in  single-colony  cultures  of  3  species 
attacking  sugar  cane.  Hendrickson  et  al. 
(1934)  showed  that  single-cell  crown- gall 
culture,  when  grown  on  an  aniline  blue 
medium,  had  frequent  sectors.  It  was  pos- 
sible by  selection  to  develop  cultures  which 
did  not  absorb  the  dye.  Other  rapid 
changes  in  cultural  characters  occurred 
in  relation  to  plant  passage.  An  attenuated 
variant,  which  was  found  by  using  dilution 


plates,  was  purified  by  single-cell  technique. 
It  appeared  identical  to  the  mother  cul- 
ture in  its  bacteriological  characters 
(Lyneis  et  al.  1936),  but  differed  in  patho- 
genicity (Locke  et  al.  1938).  Duggar  and 
associates  (unpublished),  in  preliminary 
trials  with  single-cell  crown-gall  cultures, 
partially  attenuated  by  glycine,  found  that 
irradiation  influenced  pathogenicity.  "When 
most  of  the  bacteria  were  killed  (all  but 
about  0.1  per  cent),  the  survivors  on  the 
average  were  somewhat  more  virulent  than 
the  non-irradiated  bacteria.  Thus,  in  some 
cases  at  least,  changes  in  virulence,  as  well 
as  in  other  characters,  appear  to  be  rela- 
tively sudden. 

The  change  of  colony  characters  from 
Smooth  to  Rough  is  also  frequently  rapid 
and  is  apparently  associated  with  the  char- 
acter of  the  bacterial  gum.  The  Smooth 
colonies  often  appear  to  be  more  virulent 
than  the  Rough  colonies.  In  some  cases 
at  least  this  may  be  associated  with  rate  of 
growth.  Ark  (1937),  employing  single-cell 
cultures,  found  that  the  Smooth  form  of 
Erwinia  amylovora  was  distinctly  more 
virulent  than  the  Rough  form.  This  Rough 
form  appeared  in  old  cultures  and  old  plant 
lesions  but  could  be  changed  to  the  Smooth 
form  by  4  to  6  successive  rapid  transfers  in 
a  favorable  medium.  Ivanoff  et  al.  (1938), 
with  single-cell  cultures  of  Phytomonas 
stewartii,  reported  that  the  more  slimy  cul- 
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tiires  were  commonly  more  virulent  than 
the  cultures  with  little  slime.     Berge  et  al. 

(1936)  found  that  virulent  single-cell 
crown-gall  cultures  were  more  viscous  either 
in  liquid  or  agar  culture  than  the  single- 
cell    attenuated    cultures.      Conner    et    al. 

(1937)  showed  that  70  to  80  per  cent  of  the 
sugar  fermented  by  crown-gall  bacteria 
was  utilized  in  the  formation  of  unidentified 
products  related  to  gum.  These  and  other 
similar  studies  indicate  that  the  gum-like 
bacterial  metabolites  are  worthy  of  further 
study  in  relation  to  pathogenicity  and 
variation. 

The  plant  pathogens  are  relatively  con- 
stant under  certain  favorable  conditions 
and  relatively  variable  under  others,  par- 
ticularly those  preventing  rapid  vegetative 
growth.  Aside  from  a  few  instances,  such 
as  those  mentioned  earlier,  the  changes  are 
not  predictable.  A  variety  of  cultural  con- 
ditions, as  discussed  by  Almon  and  Baldwin 
(1933)  for  legume  root-nodule  bacteria  and 
by  Ark  (1937)  for  fire-blight  bacteria,  may 
be  important  for  inducing  variations  among 
the  plant  pathogens.  In  a  very  real  sense 
the  living  host  tissue  may  be  regarded  as 
one  type  of  medium  for  bacterial  growth. 
So,  since  virulence  is  defined  in  terms  of 
resistance  or  susceptibility  of  the  host,  the 


host  plant  deserves   consideration  in  con- 
nection with  changes  in  pathogenicity. 

Appearance  of  Variations  Caused  by  the 
Host.  A  physiological  change  in  the  host 
plant  may  give  the  appearance  of  variation 
in  the  bacteria.  Kiker  (1926)  found  that 
tomato  plants  inoculated  with  crown-gall 
bacteria  became  infected  at  28°  C  air  tem- 
perature but  not  at  31°  C.  Both  culture 
and  host  grew  well  at  the  higher  tempera- 
ture. Tomato  plants  bearing  fruit  pro- 
duced smaller  galls  after  inoculation  than 
parallel  plants  from  which  the  fruits  had 
been  removed  (Stapp  and  Bortels  1931 ;  and 
others).  The  position  of  inoculations  on 
tomato  with  attenuated  crown-gall  cultures 
greatly  influenced  the  result  (Locke  et  al. 
1938).  Inoculations  on  a  stem,  which  re- 
ceived no  other  treatment,  gave  little  or  no 
response.  When  the  top  of  the  plant  was 
cut  off  and  both  the  leaves  and  the  axillary 
buds  were  removed  from  the  upper  remain- 
ing nodes,  inoculations  on  the  top  of  the 
stem  produced  a  gall  with  adventitious 
leaves  and  shoots.  If  a  virulent  crown-gall 
culture  was  placed  on  the  top  of  such  a  de- 
capitated plant,  and  inoculations  made  be- 
low with  an  attenuated  culture,  a  growth 
substance  apparently  passed  down  the  stem 
and   stimulated   the   tissue   about   the   at- 
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Fig.  3.     Effect  of  shading  on  nodulated  soybeans  in  which   excessive   carbohydrate   in  the   carbohydrate- 
nitrogen   balance   inhibited   the   nitrogen   fixation.      (A)    no  shade;    (B)    in  shade   continuously   for   33 
days  before  harvest;    (C)   in  shade  for  12  days,  returned  to  sun  for  21  days;   (D)  in  shade  continuously 
for  15  days  before  harvest.     (After  Fred,  et  al.  1938.) 
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tenuated  culture.  McNew  and  Spencer 
(1939)  found  that  nitrogen-deficient  sweet- 
corn  seedlings  were  not  severely  wilted  by 
Stewart's  wilt  bacteria.  Inoculated  legume 
plants,  when  grown  under  several  different 
conditions,  respectively,  so  as  to  modify  the 
usual  carbohydrate-nitrogen  ratio,  have 
shown  a  great  variation  in  response  to 
homologous  cultures.  The  variations  oc- 
curred because  of  differences  in  plants 
rather  than  differences  in  cultures.  Wilson 
(1937)  says,  "It  was  possible  to  develop  a 
hypothesis  ascribing  a  regulatory  mecha- 
nism in  symbiotic  nitrogen  fixation  to  the 
balance  between  carbohydrate  and  nitrogen 
in  the  host  plant."  Better  nitrogen  fixa- 
tion occurred  (Fred  et  at.  1938)  in  midsum- 
mer with  reduced  light  (Fig.  3)  or  with 
added  nitrogen  than  under  ordinary  condi- 
tions, within  the  limits  necessary  for  a 
reasonable  nutritional  balance. 

In  connection  with  bacterial  variation, 
Wilson  et  at.  (1937a)  say,  "It  is  proposed 
that  the  concept  of  strain  variation  in  the 
[legume  root-nodule]  bacteria  may  be  only 
one  aspect  of  a  broader  type  of  variation 
which  involves  the  total  relationship  be- 
tween organism  and  plant.  .  .  .  According 
to  this  view  a  given  strain  of  the  organism 
is  not  'good'  or  'poor'  in  an  absolute  sense, 
but  only  relative  to  the  other  factors  which 
affect  the  relationship."  It  seems  probable 
that  this  general  concept  can  be  broadened 
to  include  all  the  plant  pathogens.  Thus, 
a  study  on  variations  in  pathogenicity  must 
take  into  account  such  factors  as  the  natural 
resistance  of  the  host,  its  physiological  con- 
dition, and  the  local  environment. 

In  conclusion,  one  word  of  caution  seems 
appropriate  for  any  beginner  who  might 
choose  to  study  some  of  the  fascinating 
problems  dealing  with  variability.  Prob- 
ably no  field  of  biological  study  contains 
so  many  chances  for  error,  both  in  tech- 
nique and  in  the  interpretation  of  results. 
With  all  the  recent  technological  advances, 
the  best  possible  procedure  and  the  most 
exacting  conclusions  are  not  too  good. 
This  is  no  field  for  a  "lone  wolf,"  because 
■only  the  most  up-to-date  methods  should 
be  employed,  and  not  only  the  results  but 


also  their  meaning  need  frequently  to  be 
checked  by  qualified  colleagues.  Only  thus 
can  we  hope  to  build  firmly  and  then 
eventually,  at  long  last,  to  gain  the  kindly 
tolerance  from  future  investigators  which 
is  often  held  now  for  those  already  gone. 

Summary 

Let  us  review  briefly  the  essential  points 
in  this  discussion.  It  appears  that  the  in- 
vestigators dealing  with  variability  in  bac- 
teria causing  diseases  of  men,  animals,  and 
plants  have  many  common  interests.  Cer- 
tain types  of  fundamental  research  can 
progress  better  with  plants  than  with  ani- 
mals, because  the  plants  offer  many  experi- 
mental advantages.  The  bacteria  patho- 
genic on  plants  produce  a  wide  range  of 
symptoms  on  many  different  kinds  of  hosts 
and  show  a  considerable  range  of  variabil- 
ity. The  original  purity  of  a  bacterial  cul- 
ture is  essential  for  studies  on  variations. 
In  some  cases  the  changes  in  virulence  dis- 
cussed appear  gradually,  indicating  that 
cultures  can  be  "educated."  In  others, 
these  changes  appear  to  be  relatively  sud- 
den and  complete.  Both  kinds  of  change 
suggest  "genetic"  problems  of  scientific 
interest  and  basic  importance  which,  when 
solved,  will  doubtless  have  valuable  biologi- 
cal applications.  Since  pathogenicity  must 
be  defined  in  terms  of  the  susceptibility  of 
the  host,  a  concept  of  variation  in  the  dis- 
ease-producing ability  of  bacteria  must  con- 
sider not  only  the  genetic  constitution  but 
also  the  physiological  condition  and  the 
environment  of  the  host. 
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A  review  of  the  genetics  of  parasitic 
protozoa  is  of  value  chiefly  to  emphasize  the 
small  amount  of  analytical  work  that  has 
been  clone  and  the  great  importance  of  the 
field  for  further  investigation.  Results  so 
far  obtained  agree  closely  with  those  se- 
cured with  free-living  protozoa  and  suggest 
that  parasites  may  offer  unique  material  for 
the  solution  of  certain  genetic  problems  pro- 
vided such  technical  obstacles  as  difficulties 
in  control  of  the  parasite  after  it  has  entered 
the  host,  in  observation  of  individual  organ- 
isms, and  in  acquiring  knowledge  of  the 
cytology  of  the  heredity-bearing  portions  of 
the  cell  can  be  overcome. 

Undoubtedly,  various  strains  of  parasitic 
protozoa  within  a  given  species  vary  among 
themselves  in  many  structural  and  physio- 
logical characteristics;  some  of  these  char- 
acteristics seem  to  be  induced  environ- 
mentally and  may  be  inherited  for  long 
periods.  Experimental  data  are,  however, 
entirely  inadequate  to  differentiate  pheno- 
typic  from  genotypic  variations,  so  that  the 
use  of  such  terms  as  mutation,  phenotype, 
and  genotype  are  unwarranted  if  they  are 
meant  to  have  the  same  connotation  as  with 
the  higher  plants  and  animals.  We  have 
followed  Jennings  (1929)  in  designating  a 
group  of  individuals,  of  the  same  hereditary 
constitution,  a  biotype,  without  attempting 
to  decide  the  exact  genetic  basis  of  this  in- 
herited constitution.  As  Jennings  points 
out,  there  may  be  transient  and  permanent 
biotypes.  Where  the  biotype  has  seemed  to 
be  environmentally  induced,  we  have  used 
Jollos'  (1921)  term,  Dauermodifikation 
or  persistent  modification,  without  com- 
mitting ourselves  as  to  its  exact  genetic 
basis. 

Composition  of  Protozoan  Species 

All  statistical  studies  that  have  been  made 
on  parasitic  protozoa  indicate  that  each 
species  is  a  composite  of  diverse  biotypes 
varying  in  mean  size,  comparable  to  the  con- 
dition first  shown  by  Jennings   (1908)    in 


Paramecium.  Among  these  studies  are 
those  of  Dobell  and  Jepps  (1918)  on  Enda- 
moeba  histolytica,  Hegner  (1921)  on  Try- 
panosoma diemyctyli,  Taliaferro  (1921, 
1923,  and  1926)  on  T.  lewisi,  Hegner  (1922) 
and  Tsuchiya  (1930)  on  Giardia  agilis  and 
G.  lamblia,  and  Hall  and  Becker  (1935)  and 
Reyer  (1937)  on  coccidia.  The  work  by  the 
senior  author  on  T.  lewisi  was  facilitated 
by  the  fact  that  all  multiplication  of  this 
parasite  is  restricted  to  the  first  ten  days  of 
the  infection  in  the  rat,  after  which  the 
trypanosomes  exist  in  the  blood  as  non- 
reproducing  adults.  Study  of  these  adult 
forms  indicated  the  following :  The  varia- 
bility for  total  length  in  a  population  is 
very  low  (about  3  per  cent).  Growing  the 
same  pure  line  or  clon  in  different  rats 
sometimes  results  in  small  but  significant 
differences  in  mean  size.  Passage  of  the 
clon  through  its  invertebrate  host  (a  flea) 
generally  results  in  a  significant  increase  in 
variability  for  total  length,  but  in  no  greater 
differences  in  mean  size  than  would  be  ex- 
pected from  the  fact  that  the  organisms 
were  studied  in  different  rats.  Although 
the  species,  T.  lewisi,  is  probably  a  com- 
posite of  many  biotypes,  a  single  "wild" 
infection  may  represent  a  single  biotype — 
a  fact  which  may  be  explained  by  the  severe 
selection  of  the  infective  forms  and  by  the 
small  margin  of  survival  whenever  they  pass 
from  the  flea  to  the  rat.  Although  some 
differences  in  size  among  strains  of  para- 
sites are  apparently  due  to  environment, 
i.e.,  the  host,  as  indicated  in  this  work  on  T. 
lewisi,  all  of  them  cannot  be  immediately 
due  to  environment,  because  they  persist 
when  several  strains  showing  such  differ- 
ences are  grown  in  the  same  host. 

General  observations  and  a  few  careful 
experimental  studies  (see  review  in  Meleney 
and  Frye  1933)  indicate  that  parasitic 
species  are  also  a  composite  of  biotypes  dif- 
fering in  pathogenicity.  Thus,  Meleney  and 
Frye  (1933,  1935)  have  shown  that  various 
strains  of  Endamoeoa  histolytica  vary  in 
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pathogenicity.  Some  observers  believe  that 
the  strain  of  E.  histolytica  that  produces 
small  cysts  is  relatively  non-pathogenic ;  in 
other  words,  that  non-pathogenicity  in  this 
species  may  be  linked  with  size  of  cyst. 

Strains  composing  various  species  of 
trypanosomes  (review  in  Taliaferro  1929) 
and  malarial  organisms  (review  in  Talia- 
ferro and  Mulligan  1937)  vary  markedly  in 
their  antigenic  composition  and  in  some 
cases  show  almost  complete  antigenic  sepa- 
rateness.  The  investigations  discussed  later 
with  regard  to  trypanosomes  indicate  that 
these  differences  in  antigenic  constitution 
may  arise  quickly  from  changes  in  environ- 
ment. 

Dauermodifikationen,  or  Environ- 
mentally Induced,  Persistent 
Modifications 

Such  physiological  characters  as  the  viru- 
lence of  protozoa  for  a  given  host  are  fre- 
quently modified  by  a  change  of  host  species, 
by  rapid  passage  in  the  same  species  of 
host,  or  by  cultivation  on  artificial  media; 
but  they  have  not  been  studied  as  exten- 
sively as  have  certain  physiological  charac- 
ters modified  by  antibodies  and  drugs. 

The  acquisition  of  antibody  resistance  by 
the  trypanosomes,  with  a  concomitant 
change  in  antigenic  composition,  is  an  ex- 
tremely interesting  case  of  a  character 
apparently  environmentally  induced  which 
is  inherited  for  many  asexual  generations. 
The  short  summary,  presented  here,  is  based 
on  the  work  of  Franke  (1905),  Rodet  and 
Vallet  (1906),  Massaglia  (1907),  Ehrlich 
(1909),  Ehrlich,  Roehl,  and  Gulbransen 
(1909),  Levaditi  and  Mutermilch  (1909), 
Rosenthal  (1913),  and  Ritz  (1914,  1916). 
(These  are  reviewed  by  Taliaferro  1926a 
and  1929,  and  in  part  by  Dobell  1912). 
Various  pathogenic  trypanosomes  repro- 
duce at  a  more  or  less  constant  rate  in  the 
blood  of  certain  animals,  such  as  the  guinea- 
pig  and  dog,  but  the  progeny,  instead  of 
increasing  progressively,  as  they  do  in  the 
mouse,  show  alternate  decreases  (crises) 
and  increases  (relapses)  in  number.  The 
crises  can  be  correlated  with  the  production 
of  trypanolysins  in  the  blood  by  the  host, 
and  the  relapses  can  be  correlated  with  the 


acquisition  of  a  resistance  to  the  trypano- 
lysin  by  the  trypanosome.  Not  only  is  the 
relapse  strain  resistant  to  the  antibody  pro- 
ducing the  previous  crisis,  but,  as  shown  by 
cross-immunity  experiments,  the  relapse 
strain  is  different  antigenically  from  the 
parent  strain.  These  studies  and  conclu- 
sions were  made  possible  by  the  fact  that 
the  various  relapse  and  parent  strains  can 
be  extracted  and  maintained  unchanged 
during  asexual  reproduction  through  hun- 
dreds of  mouse  passages,  because  antibodies 
are  not  formed  against  them  in  the  mouse. 
Related  to  antibody  resistance  is  the  resis- 
tance of  pathogenic  trypanosomes  to  normal 
human  serum,  which  was  reported  initially 
by  Jacoby  (1909). 

Drug  resistance  was  first  discovered  by 
Franke  (1905)  in  Ehrlich 's  laboratory  and 
has  been  extensively  studied  since.  Briefly 
stated,  when  a  given  species  of  trypanosome 
is  treated  with  repeated  subcurative  doses 
of  a  drug,  the  parasites  may  become  resis- 
tant to  doses  larger  than  those  ordinarily 
needed  to  cure.  A  particularly  interesting 
type  of  drug  resistance,  because  it  seems  to 
be  associated  with  the  inheritance  of  a 
morphological  change,  was  first  studied  by 
Werbitzki  (1910) .  He  found  that  Trypano- 
soma orucei  may  lose  its  parabasal  body 
when  grown  in  mice  treated  with  dyes  be- 
longing to  the  pyronin,  acridin,  and  oxazin 
groups.  These  dyes  all  possess  an  ortho- 
quinoid  structure,  according  to  Ehrlich 
(1909a).  Laveran  and  Roudsky  (1911, 
1911a)  presented  evidence  indicating  that 
they  have  a  special  affinity  for  the  para- 
basal body  and  that  the  organelle  is  actually 
destroyed  by  autooxidation.  The  organisms 
without  parabasal  bodies  are  essentially 
normal  in  other  respects.  This  persistent 
modification  remains  constant  through 
many  subinoculations  in  mice  and  seems 
similar  to  the  condition  in  the  naturally 
occurring,  aparabasal  species,  T.  equinum. 
It  occasionally  arises  spontaneously  (Wen- 
yon  1928). 

Probably  the  underlying  mechanism  in- 
volved in  the  formation  of  these  various 
strains  of  resistant  protozoa  is  the  same  and 
similar  to  the  acquisition  of  resistance  to 
various  chemicals  by  free-living  forms,  such 
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as  extensively  studied  by  Jollos  (1921). 
We  shall,  therefore,  consider  them  together. 
Ehrlich,  Roehl,  and  Gulbransen  (1909) 
and  Levaditi  and  Mutermilch  (1909) 
showed  that  antibody  resistance  can  be  in- 
duced by  contact  with  immune  serum  in 
vitro.  Levaditi  and  Mcintosh  (1910)  found 
that  most  of  the  organisms  are  killed  during 
this  process  but  that  the  few  that  survive, 
when  injected  into  mice,  give  rise  to  a  resis- 
tant strain.  The  formation  of  both  anti- 
body- and  chemo-resistant  strains  in  vivo 
is  also  associated  with  the  killing  of  a  large 
proportion  of  the  population.  This  led 
Levaditi  and  Mutermilch  (1909a),  Muter- 
milch and  Salamon  (1928),  and  others  to 
postulate  a  process  of  true  selection  to  ex- 
plain the  formation  of  antibody-resistant 
strains.  In  the  process,  susceptible  strains 
were  killed  off.  Recently,  while  studying 
acriflavine  resistance  in  Bodo  caudatus,  an 
easily  culturable  free-living  form  similar  in 
structure  to  trypanosomes,  Robertson 
(1929)  was  impressed  with  the  selection  of 
"strains"  within  a  clon,  but  believed  that 
in  addition  there  must  be  an  actual  change 
in  the  organism.  Since  the  selection  was 
within  a  clon,  as  was  also  Ritz's  (1916) 
work  on  trypanosomes,  it  cannot  be  a  selec- 
tion of  distinct  biotypes,  as  ordinarily 
understood,  from  a  mixed  population,  but 
it  does  suggest  that  changes  in  environment 
may  cause  some  of  the  parasitic  protozoa 
to  split  into  diverse  biotypes  which  are  per- 
manent enough  to  be  acted  upon  by  selec- 
tion. Selection  in  these  parasitic  forms  acts 
more  rapidly  than  in  free-living  protozoa, 
as  described  by  Jennings  (1920)  and  others. 

Rosenthal  (1913)  believed  that  antibody 
resistance  results  from  contact  of  the  try- 
panosomes with  "relapse  substances"  in 
the  serum  which  are  different  from  the  try- 
panolysins,  but  since  such  an  hypothesis 
makes  death  of  the  organisms  and  conse- 
quent selection  unessential,  it  is  difficult  to 
bring  it  into  line  with  the  results  obtained 
with  free-living  forms. 

Antibody  and  drug  resistance  are  often 
inherited  for  countless  asexual  generations 
— sometimes  for  over  400  mouse  passages. 
They  are  eventually  lost,  however,  some- 
times   rapidly    and    sometimes    gradually. 


Probably  the  quickest  loss  of  resistance  is 
seen  when  an  antibody-resistant  strain 
comes  in  contact  with  a  new  antibody.  Un- 
der such  circumstances  it  quickly  gains  a 
new  antigenic  composition  and  a  resistance 
to  the  new  antibody.  These  changes  prob- 
ably parallel  the  severity  of  environmental 
change,  which  would  be  in  line  with  some 
of  Jollos'  (1921)  wTork  on  Paramecium. 

In  addition  to  these  general  charac- 
teristics, it  is  interesting  to  note  that 
Neuschlosz  (1919,  1920)  found  that  ac- 
quired resistance  to  a  chemical  in  clons  of 
Paramecium  is  associated  with  acquisition 
of  a  power  to  destroy  the  specific  chemical 
or  to  convert  it  into  a  less  poisonous  com- 
pound, as  in  the  conversion  of  a  toxic 
trivalent  arsenical  into  a  less  toxic  penta- 
valent  form. 

Gonder  (1911)  thought  that  drug-resis- 
tant strains  lost  their  resistance  when  passed 
through  the  invertebrate  host,  but  Reiche- 
now  and  Regendanz  (1927),  Duke  (1927), 
and  especially  Yorke,  Murgatroyd,  and 
Hawking'  (1933,  1933a)  found  that  arsenic 
resistance  in  trypanosomes  survives  pass- 
age through  the  invertebrate  host.  The 
latter  authors  found  that  Trypanosoma 
~brucei,  which  can  be  made  highly  resistant 
to  the  aromatic  arsenicals,  can  retain  the 
resistance  after  two  successive  passages 
through  Glossina.  Another  aspect  of  pass- 
ing the  parasite  through  the  invertebrate 
host  should  be  noted.  The  work  by  Talia- 
ferro (1926)  on  T.  lewisi  indicates  that  a 
clon  may  split  up  into  different  biotypes  in 
the  invertebrate  host.  Such  apparently  new 
biotypes  seem  to  be  environmentally  in- 
duced, just  as  are  the  antibody-  and  drug- 
resistant  strains,  since  sexual  phenomena 
are  unknown  in  trypanosomes. 

Although  the  sexual  process,  with  its  re- 
combinations and  shufflings  of  genetical  ele- 
ments, undoubtedly  gives  rise  to  new 
characteristics,  it  may  be  a  great  leveler  of 
environmentally  induced  characters.  Thus, 
in  Jollos'  (1921)  work  on  Paramecium, 
most  persistent  modifications  were  lost  after 
conjugation  or  endomixis.  The  very  fact 
that  the  majority  of  the  known,  heritable 
modifications  in  parasitic  protozoa  which 
appear  to  be  environmentally  induced  occur 
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among  trypanosomes  may  be  associated 
with  the  fact  that  sexual  phenomena  are 
absent,  Future  work  may  well  show  that 
these  organisms  are  either  extremely  im- 
pressionable to  environmental  effects  or 
very  subject  to  mutation,  whereas  such 
forms  as  Plasmodium  are  less  affected  be- 
cause sexual  processes  normally  occur  at 
each  new  infection  of  the  invertebrate 
host, 

At  the  present  time,  it  is  impossible  to 
decide  whether  persistent  modifications  are 
due  to  changes  in  gene  constitution  or,  if 
they  are  not,  whether  they  may  eventually 
lead  to  true  mutations.  Jennings  (1929) 
has  pointed  out  the  insecurity  of  Jollos' 
(1921)  assumption  that  mutations  or  genie 
change  in  the  micronucleus  must  be  perma- 
nent, and  of  his  theoretical  conclusion  that 
the  Dauermodifikationen  do  not  lie  in  the 
micronucleus  but  either  in  the  cytoplasm 
or  in  the  macronucleus.  Recently  Linde- 
gren  (1935),  after  a  reexamination  of 
Jollos'  work,  concludes  that  the  Dauer- 
modifikationen  behave  as  genie  rather  than 
nongenic  changes,  and  believes  that  the 
changes  can  be  explained  "as  the  result  of 
gene  mutations  which  were  selected  by  an 
adverse  environment,  with  reverse  muta- 
tions to  normal  being  selected  upon  return 
of  the  mutant  to  the  normal  environment. ' ' 
It  would  seem  that  further  radical  analysis 
may  depend  upon  the  development  of 
methods  to  follow  individual  organisms  in 
sexual  crosses,  such  as  Sonneborn  and 
Lynch   (1934)   have  done  in  Paramecium. 

No  matter  what  the  true  genetic  and 
physiological  bases  may  be  for  the  modi- 
fications which  appear  to  be  environment- 
ally induced,  they  are  of  extreme  impor- 
tance in  overcoming  the  defensive  processes 
of  the  host  and  in  the  eventual  survival  of 
these  parasites.  Thus,  the  acquisition  of 
resistance  to  human  serum  may  explain, 
at  least  in  part,  the  power  of  Trypanosoma 
gambiense  to  survive  in  man.  The  acquisi- 
tion of  antibody  resistance  with  its  con- 
comitant change  in  antigenic  composition 
permits  the  parasite  to  survive  repeated 
defensive  processes  of  the  host,  The  ac- 
quisition of  drug  resistance  and  its  sur- 
vival through  the  invertebrate  host  indicate 
the  extent  to  which  modifications  apparently 


induced  by  the  environment  may  persist 
under  natural  conditions  and  suggest  that 
they  may  be  permanent  enough  to  be  acted 
upon  by  natural  selection  and  give  rise  to 
new  varieties. 

Finally,  it  should  be  emphasized  that 
almost  all  physiological  characters  of  the 
parasitic  protozoa  are  more  or  less  depen- 
dent upon  their  environment,  i.e.,  the  living 
host,  which,  in  turn,  depends  upon  the 
genetics  of  the  host.  For  this  reason  it  is 
impossible  to  consider  the  physiology  and 
characteristics  of  the  parasite  without  con- 
sidering at  the  same  time  the  genetic  con- 
stitution of  the  host. 
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Although  several  excellent  reviews  of 
investigations  on  the  influence  of  host  con- 
stitution on  parasites  have  been  published 
in  recent  years  (Kozelka  1929 ;  Link  1932 ; 
Lambert  1933;  Gowen  1933,  1935;  Hill 
1934;  and  Turpin  1936),  it  is  believed  that 
certain  phases  especially  pertinent  to  the 
interests  of  this  symposium  should  be 
emphasized.  It  is,  therefore,  my  desire  to 
summarize  our  knowledge  of  the  importance 
of  the  hereditary  constitution  of  the  host  in 
relations  between  host  and  parasite  and  to 
point  out  the  special  importance  of  heredity 
in  animal  parasitology.  ' '  Pathogenicity ' '  is 
a  term  used  to  denote  the  severity  of  the 
effect  of  one  organism,  the  parasite,  upon 
another  organism,  the  host.  It  follows  that 
a  consideration  of  the  genetics  of  the  para- 
site is  incomplete  without  consideration  of 
the  genetics  of  the  host,  and  would  not  fulfill 
the  purpose  of  a  symposium  of  this  kind. 

It  is  not  surprising  that  a  principle  so 
universal  as  the  effect  of  inheritance  on  sus- 
ceptibility or  resistance  to  disease  should 
have  been  recognized  for  a  long  time.  We 
have  in  such  words  as  "constitution"  and 
"diathesis,"  and  in  such  adages  as  "What 
is  one  man's  meat  is  another  man's  poison," 
evidence  of  a  widely  prevalent  belief  that 
inherent  makeup  plays  some  part  in  suscep- 
tibility to  disease.  Such  beliefs  have  been 
held  by  some  scientists  and  physicians  from 
the  time  of  Hippocrates.  They  received  less 
attention,  however,  after  the  beginning  of 
the  bacteriological  era  with  its  emphasis 
upon  the  etiological  agents  of  disease. 
"Constitution"  and  "diathesis"  fell  into 
disrepute  at  that  time  and  the  "causes"  of 
disease  came  to  mean  principally  those 
things  that  were  grown  in  test  tubes. 

The  scientific  study  of  inheritance  of  fac- 
tors influencing  susceptibility  to  disease 
began  after  our  knowledge  of  the  laws  of 


heredity  had  been  put  on  a  secure  basis. 
The  past  decade  has  seen  a  rapid  develop- 
ment. Indirect  studies  made  by  Pearson  in 
1907,  followed  by  others  at  somewhat  later 
dates,  showed  a  higher  correlation  between 
parent  and  offspring  than  between  husband 
and  wife,  and  thus  indicated  the  importance 
of  the  patient's  heredity  in  the  incidence  of 
tuberculosis,  but  it  was  not  until  1917  that 
Tyzzer  presented  experimental  evidence  of 
inheritance  of  susceptibility  to  a  bacterial 
infection.  He  worked  with  Bacillus  pili- 
formis  and  its  effects  upon  Japanese  waltz- 
ing mice  and  common  white  mice. 

One  of  the  first  experiments  of  this  kind 
to  yield  quantitative  results  of  value  to  mod- 
ern genetics  might  be  called  a  natural  ex- 
periment, inasmuch  as  it  occurred  without 
being  planned.  Hagedoorn-Labrand  and 
Hagedoorn  (1920)  were  studying  the  inheri- 
tance of  weight  by  using  an  oriental  waltz- 
ing mouse  which  hybridized  easily  with  the 
common  white  mouse.  At  a  time  when  a 
number  of  mice  were  on  hand,  including  the 
parent  stocks  and  various  hybrids,  an  epi- 
zootic of  staphylococcus  infection  caused  the 
death  of  all  the  waltzing  mice,  whereas  none 
of  the  white  mice  succumbed.  The  Fx 
hybrids  all  survived;  of  the  F2  hybrids,  91 
lived  and  34  died.  Furthermore,  in  the 
backcross  of  the  Fi  to  waltzing  mice,  25 
lived  and  32  died,  whereas  in  the  backcross 
of  the  Fi  to  white  mice,  50  lived  and  1  died. 

The  first  planned  experiments  upon  in- 
heritance and  resistance  were  carried  out 
by  Wright  and  Lewis  (1921)  who  tested  dif- 
ferences in  resistance  to  tuberculosis  among 
families  of  inbred  guinea  pigs.  They 
showed  that  factors  determining  resistance 
to  tuberculosis  in  a  family  were  not  closely 
related  to  other  elements  of  vigor,  including 
rate  of  growth,  adult  weight,  size  of  litter, 
percentage  of  young  born  alive,  and  per- 
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centage  of  young'  raised  to  weaning.  Lewis 
and  Loomis  (1928)  supplemented  these 
studies  by  testing*  the  capacity  of  guinea 
pigs  to  produce  antibodies  and  relating  it 
to  familial  resistance  to  tuberculosis.  Find- 
ing imperfect  but  suggestive  correlations 
between  "allergic  irritability"  and  differ- 
ences in  the  resistance  of  the  same  families 
to  tuberculosis  induced  by  inoculation,  as 
determined  by  Wright  and  Lewis  (1921), 
they  suggested  that  "allergic  irritability"  is 
one  of  the  several  heritable  characters  re- 
sponsible for  natural  immunity  to  tubercu- 
losis. 

These  earlier  papers  tend  to  illustrate  the 
type  of  work  that  has  yielded  such  valuable 
information  on  this  subject.  Lack  of  time 
prevents  more  than  mention  of  recent  work, 
but  the  following  list  indicates  the  wide 
variety  of  hosts  and  of  infectious  agents 
studied : 

Bacterial  diseases  of  mice  and  rats 
Webster   1924;   Lesne   and    Dreyfus-See 
1928 ;  Irwin  1929  ;  Schott  1932 ;  Gowen  and 
Schott  1933. 

Bacterial  diseases  of  rabbits 
Manresa  1932. 

Bacterial  diseases  of  fowl 
Frateur  1924;  Roberts  and  Card  1926- 
1927 ;  Lambert  1932. 

Filterable  viruses 
Of  maize,  in  leafhoppers,  Storey  1932 ;  of 
yellow  fever,  in  mice,  Lynch  and  Hughes 
1936. 

Protozoa 
Malaria  in  mosquito,  Huff  1929 ;  coccidia 
in  rats,  Becker  1933. 

Worms 
Cysticercus — sarcoma     of    rats,     Curtis, 
Dunning,  and  Bullock  1933. 

The  hosts  range  from  mosquitoes  and  leaf- 
hoppers  to  rats,  guinea  pigs,  and  fowl.  The 
infectious  agents  include  filterable  viruses, 
bacteria,  protozoa,  and  worms.  In  all  cases, 
the  authors  believed  they  had  evidence  that 


heredity  played  some  part  in  susceptibility 
to  the  infectious  agent,  and  in  most  cases 
there  was  good  genetical  evidence  suggesting 
the  manner  in  which  the  inheritance  oc- 
curred. I  have  been  unable  as  yet  to  find 
an  account  of  any  study  showing  that  the 
heredity  of  the  host  plays  no  part  in  suscep- 
tibility or  resistance  to  infection. 

My  work  with  avian  malarial  parasites 
and  their  invertebrate  hosts,  the  culicine 
mosquitoes,  appears  to  have  special  interest 
in  this  connection.  These  parasites  are 
pathogenic  for  their  avian  hosts,  but  there 
is  no  clear  evidence  that  they  have  any 
harmful  effects  on  the  mosquitoes  which  they 
infect.  Any  study  of  the  genetics  of  these 
parasites  in  the  mosquito  has  the  possible 
advantage  that  their  pathogenicity  can  be 
studied  in  the  avian  host,  while  their  other 
biological  characteristics  can  be  studied  in 
the  mosquito  under  better  controlled  condi- 
tions of  temperature  and  length  of  infection. 
In  the  preceding  paper  Dr.  Taliaferro  has 
mentioned  some  of  the  obstacles  to  genetical 
studies  upon  such  parasitic  forms  as  ma- 
larial parasites,  which  cannot  yet  be  suc- 
cessfully cultivated  outside  the  cells  of  the 
host.  It  has  been  in  recognition  of  such 
obstacles  that  an  attempt  has  been  made  to 
study  the  inheritance  of  both  parasite  and 
mosquito  simultaneously  insofar  as  this  is 
possible. 

The  asexual  cycle  of  these  parasites 
{Plasmodium  cathemerium  and  P.  relictum 
have  been  the  most  studied)  occurs  in  the 
blood  cells  of  the  canary.  It  can  be  main- 
tained for  long  periods  of  time  by  passing 
infected  blood  into  new  birds  at  intervals. 
Since  the  sexual  cycle  cannot  occur  except 
in  the  mosquito,  it  should  be  possible  to 
separate  our  study  of  asexual  changes  from 
the  effects  of  sexual  reproduction.  Thus, 
one  of  our  strains  of  P.  relictum,  isolated 
26  years  ago  from  a  sparrow,  has  been  main- 
tained in  canaries  since  that  time  without 
the  intervention  of  sexual  reproduction,  and 
we  have  good  evidence  that  the  parasites 
have  been  undergoing  asexual  reproduction 
at  the  rate  of  one  generation  every  24  hours 
during  that  long  period.  At  any  time,  how- 
ever, this  strain  may  be  allowed  to  undergo 
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sexual  reproduction  by  permitting  a  mos- 
quito to  transmit  it  from  one  canary  to 
another. 

Selection  experiments  performed  upon 
mosquitoes  examined  for  the  percentage  of 
infected  individuals  in  each  generation 
showed  (Huff  1929)  rapidly  increasing 
percentages  of  susceptibles  in  the  offspring 
from  susceptible  females,  while  percentages 
of  susceptibles  in  progenies  of  uninfected 
females  rapidly  decreased.  It  was  possible 
(Huff  1931)  to  demonstrate  that  suscepti- 
bility of  the  mosquito,  Cidex  pipiens,  to 
Plasmodium  cathemerium  behaves  as  a 
Mendelian  recessive  character.  Moreover, 
statistical  studies  have  revealed  a  high  cor- 
relation between  numbers  of  parasites  sur- 
viving in  the  stomachs  of  susceptible  mos- 
quitoes from  two  blood  meals  spaced  in  such 
a  way  that  two  broods  can  be  identified  at 
dissection.  There  seems  to  be  no  other  pos- 
sible conclusion  than  that  the  degree  of 
susceptibility  of  the  individual  is  an  inher- 
ent characteristic.  If  this  be  so,  we  may 
eventually  be  able  to  analyze  the  manner 
in  which  it  is  inherited. 

In  recent  unpublished  work  upon  size 
and  growth  of  these  parasites  in  mosquitoes 
kept  at  constant  temperatures,  significant 
differences  in  oocyst  size  have  been  found 
in  the  parasites  of  different  individual  mos- 
quitoes. The  question  is  as  yet  unsettled 
as  to  whether  this  is  due  to  differences  in 
the  suitabilities  of  the  mosquitoes  for 
growth  of  the  parasites  or  to  differential 
selection  by  the  mosquito  of  certain  com- 
ponents of  a  diverse  population  of  parasites 
varying  in  their  rates  of  growth.  I  men- 
tion the  problem  here  since  it  seems  to  be 
one  of  the  best  examples  of  the  manner  in 
which  the  genetics  of  the  host  is  so  inti- 
mately associated  with  the  genetics  of  the 
parasite  as  to  make  futile  the  study  of  one 
alone. 

I  have  tried  in  this  discussion  to  show  the 
importance  of  investigation  of  host  genetics 
for  an  understanding  of  the  genetics  of 
pathogenic  organisms  in  general.  I  should 
like  now  to  point  out  its  importance  in  my 
own  field,  parasitology.  Many  animal  para- 
sites of  man  and  animals  are  obligate  para- 


sites, or  parasites  that  can  be  cultivated 
upon  artificial  media  only  indifferently 
well.  This  makes  it  necessary  to  study  them 
within  their  hosts.  In  the  type  of  experi- 
ment which  requires  a  fairly  constant  en- 
vironment, we  cannot  ignore  the  possibility 
that  individual  hosts  may  vary  so  widely 
in  their  constitutions  as  to  introduce  errors 
due  to  different  environments.  In  most 
work  with  pathogenic  organisms  we  are 
concerned  with  the  effects  of  rate  of  passage 
through  hosts.  Many  experiments  cannot 
be  carried  out  on  enough  diverse  strains  of 
animals  to  make  the  results  significant  in 
spite  of  the  diverse  heredities  of  these 
strains.  There  is  the  alternative  course, 
however,  that  pedigreed  animals  whose  re- 
actions to  the  parasites  have  been  studied 
can  be  used  in  some  experiments. 

Parasitologists  are  interested  not  only  in 
parasites  that  cause  harmful  effects  directly 
but  also  in  another  group  of  organisms 
which  bring  harm  indirectly  to  their  host, 
namely,  the  arthropods  which  transmit  dis- 
ease. Of  the  vast  number  of  insects  and 
other  arthropods  which  bite  man  or  animals 
or  otherwise  come  into  contact  with  them 
so  as  to  make  disease  transmission  possible, 
only  a  small  percentage  are  important  vec- 
tors of  disease.  These  owe  their  capacity 
for  transmitting  the  agents  of  disease  to 
certain  definite  biological  characteristics, 
such  as  tropisms  towards  their  hosts  or 
food  or  waste  products  of  the  latter,  hiber- 
nating habits,  breeding  habits,  and 
susceptibilities  to  the  organisms  to  be  trans- 
mitted. All  such  characteristics  are  vari- 
able and  some  of  them  are  known  to  be  modi- 
fied through  selection.  It  will  be  apparent, 
therefore,  that  we  shall  need  to  know  more 
about  their  heredity  before  we  can  under- 
stand fully  the  relation  of  arthropods  to 
disease  transmission. 

In  conclusion,  I  wish  to  state  that  it  has 
not  been  my  intention,  by  emphasizing  the 
importance  of  a  knowledge  of  the  genetics 
of  the  host,  to  minimize  by  implication  the 
great  importance  of  the  genetics  of  para- 
sites, the  main  subject  of  this  symposium, 
but  rather  to  point  out  how  the  two  prob- 
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lems  are  so  related  as  to  be  better  pursued 
together  than  apart. 
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THE  ORIGIN  OF  PHYSIOLOGIC  RACES  OF  RUST 
FUNGI  THROUGH  HYBRIDIZATION1 
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Introduction 

The  rust  fungi  comprise  a  very  large 
group  of  obligate  parasites  which  attack 
many  unrelated  groups  of  plants.  Certain 
of  them,  such  as  the  different  cereal  rusts, 
white  pine  blister  rust,  as  well  as  others, 
are,  on  account  of  their  destructiveness,  of 
great  economic  importance.  None,  how- 
ever, has  been  responsible  for  greater 
damage  than  stem  rust  of  cereals  (Puc- 
cinia  graminis  Pers.).  It  is  largely  with 
it  that  the  present  paper  deals,  for  inves- 
tigations on  the  origin  of  physiologic  races 
in  the  rust  fungi  have  been  largely  con- 
fined to  it. 

Stem  rust  attacks  wheat,  barley,  oats, 
rye,  and  a  number  of  grasses.  Prior  to 
1894,  it  was  generally  regarded  as  a  simple 
species,  but  in  that  year  Eriksson  (1894) 
showed  that  stem  rust  comprises  several 
distinct  varieties  which  can  be  readily 
differentiated  by  the  hosts  that  they  can 
attack.  Morphologically,  however,  the  va- 
rieties are  practically  indistinguishable. 
They  are  commonly  designated  as  wheat 
stem  rust,  oat  stem  rust,  rye  stem  rust,  etc., 
according  to  their  principal  cereal  or  grass 
host.  In  1917  and  subsequently,  Stakman 
and  his  coworkers  (1917,  1919,  1922) 
showed  that  these  varieties,  or  at  least 
those  affecting  cereals,  comprise  a  number 
of  different  races,  which  likewise  are  dis- 
tinguishable by  their  infective  ability  on 
a  selected  group  of  wheat,  oats,  or  rye  vari- 
eties, according  to  the  variety  of  rust  con- 
cerned. 

Until  this  host  specialization  of  stem  rust 
was  fully  elucidated,  a  great  deal  of  con- 
fusion existed  relative  to  the  susceptibility 
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or  resistance  of  different  cereal  varieties. 
Obviously  under  such  conditions,  little 
progress  could  be  made  in  breeding  for 
stem-rust  resistance.  Afterwards,  how- 
ever, plant  breeding  could  proceed  with 
greater  assurance,  but  always  this  assur- 
ance was  tempered  by  the  uncertainty  as 
to  whether  or  not  some  race  of  stem  rust 
might  appear  that  would  possess  greater 
infective  ability  than  any  races  already 
known.  From  time  to  time  new  races  were 
being  discovered,  and  the  question  natu- 
rally arose  as  to  the  origin  of  rust  races  and 
as  to  the  possibility  of  new  races  arising 
that  would  attack  severely  new  cereal  va- 
rieties that  were  showing  promise  of  high 
rust  resistance. 

The  possibility  of  stem-rust  races  hy- 
bridizing on  barberry,  the  alternate  host  of 
the  fungus,  and  giving  rise  to  new  races 
was  suggested  by  Stakman,  Piemeisel,  and 
Levine  (1918)  as  early  as  1918.  Through 
the  work  of  Craigie  (1927a,  1928),  this  pos- 
sibility became  a  demonstrable  reality.  He 
showed  that  the  stem-rust  fungus  is  hetero- 
thallic,  the  sexual  stage  or  its  equivalent 
occurring  on  barberry,  and  he  developed 
a  technique  by  which  crosses  could  be  made 
between  varieties  or  races  of  stem  rust. 
Since  that  time,  considerable  attention  has 
been  given  to  a  study  of  crosses  between 
such  varieties  and  races,  and  of  self  ed  lines 
of  individual  races,  with  a  view  to  elucidat- 
ing the  origin  of  races  and  the  manner  in 
which  pathogenicity  is  inherited. 

Hybridization  might  be  expected  to 
occur  in  heterothallic  rusts  that  com- 
prise physiologic  races.  Heterothallism 
and  physiological  specialization,  however, 
have  been  investigated  in  relatively  few 
rusts,  and  only  in  two,  as  far  as  the  author 
is  aware,  have  crosses  between  races 
actually  been  made.    A  cross  between  two 
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races  of  leaf  rust  of  wheat  (Puccinia  tri- 
ticina  Erikss.)  was  made  by  Waterhouse 
(1932)  in  Australia,  and  from  it  he  ob- 
tained two  races  that  were  new  to  that 
country.  All  the  other  crosses  have  been 
made  between  varieties  and  races  of  stem 
rust  (P.  graminis).  Besides  these  two 
rusts,  the  following  are  known  to  be  hetero- 
thallic:  Puccinia  helianthi  Schw.  (Craigie 
1927),  Uromyces  appendiculatus  (Pers.) 
Fries  and  U.  vignae  Barclay  (Andrus 
1931),  Puccinia  coronata  Corda  (Allen 
1932a),  Gymnosporangium  juniperi-vir- 
ginianae  Schw.  and  G.  globosum  Farl.  (Mil- 
lar 1932),  P.  sorghi  Schw.  (Allen  1934a; 
Cummins  1931;  Mains  1934),  Melampsora 
lini  (Pers.)  Lev.  (Allen  1934),  Gymno- 
sporangium haraeanum  Syd.  (Kawamura 
1934),  P.  phragmites  (Schum.)  Korn. 
(Lamb  1935),  Cronartium  ribicola  J.  C. 
Fischer  (Pierson  1933),  and  TJ.  graminis 
(Niessl)  Diet.  (D'Oliveira  1938).  In  four 
of  the  twelve  rusts  just  named,  physiologic 
races  occur.  Apparently,  in  the  others 
physiological  specialization  has  not  been 
investigated,  but  probably  when  this  is 
done  physiologic  races  will  be  found  to 
occur  in  them  also.  It  would  seem  likely 
that  the  possibility  of  hybridization  exists 
in  these  twelve  rusts  at  least,  and,  indeed, 
perhaps  in  many  others. 

Hybridization  between  Varieties  of 
Stem  Rust 

A  great  many  crosses  have  been  made 
between  varieties  of  stem  rust  at  the  Uni- 
versity of  Minnesota  (Cotter  and  Levine 
1938 ;  Levine  and  Cotter  1931 ;  Levine,  Cot- 
ter, and  Stakman  1934;  Stakman,  Levine, 
and  Cotter  1930)  and  some  at  the  Do- 
minion Rust  Research  Laboratory,  Winni- 
peg (Johnson,  Newton,  and  Brown  1932; 
Johnson  and  Newton  1933).  Detailed  in- 
formation concerning  the  F2  and  subse- 
quent progeny  of  these  crosses  is  not  yet 
available,  and  hence  little  can  be  said  as  to 
the  inheritance  of  pathogenicity  in  such 
crosses.  All  that  can  be  done  here  is  to 
indicate  in  a  general  way  the  results  ob- 
tained in  the  first  generation.     The  data 


relative  to  these  crosses  are  presented  in 
Tables  I,  II,  and  III. 

TABLE  I 

Physiologic   Eaces   Obtained   from   Beciprocal 

Crosses    on    Berberis    vulgaris    of    Puccinia 

graminis  tritici  with  P.  graminis  agros- 

tidis  and  P.  graminis  secalis, 

Respectively 

(Stakman,  Levine,  and  Cotter,  1930) 


Parents 

Fx  generation 

Tritici   36  x  Agrostidis 

Tritici  36,  61,  21,  17 

Agrostidis  x  Tritici  36 

No  aecia  formed 

Tritici   36  x  Agrostidis 

Tritici  32 

Agrostidis  x  Tritici  36 

No  aecia  formed 

Tritici  36  x  Agrostidis 

Tritici  36,  69,*  67,  52,  10, 

38,  58,  61,  72 

Tritici    36  x  Secalis  11 

Tritici  36,  15 

Secalis  11  x  Tritici  36 

Secalis    9,  Tritici  57 

"        11  x      "      36 

"       11 

Tritici    36  x  Secalis  11 

Tritici  32 

Secalis  11  x  Tritici  34 

Secalis  11 

'<        llx      "      36 

"       11 

"        llx      "      36 

Tritici  36 

"        llx      "      36 

"       21,70,71 

Tritici    36  x  Secalis  11 

"       67 

*  New  races  are  indicated  by  numbers  in  bold 
face. 

These  results  show  conclusively  that 
there  is  partial  interfertility  between  va- 
rieties of  stem  rust  and  that,  as  a  result  of 
experimentally-made  crosses,  true  hybrids 
have  been  produced.  Some  of  these  are 
new  to  science.  Certain  of  them  exhibit 
pathogenic  characteristics  resembling  more 
or  less  closely  those  of  one  or  the  other 
parental  variety,  while  others  are  defi- 
nitely intermediate  in  pathogenicity  be- 
tween the  two.  Still  others  are  far  enough 
removed  in  pathogenic  capabilities  from 
either  of  the  parent  varieties  to  repre- 
sent a  different  variety.  For  instance,  a 
cross  between  the  poae  variety  and  the 
agrostidis  variety  (Table  II)  yielded  races 
of  the  tritici  variety,  although  neither  of 
the  parent  varieties  attack  wheat.  Or, 
again,  the  hordei  variety,  which  in  recent 
years  has  not  been  recognized  as  a  variety, 
must  now  be  revived  to  accommodate  cer- 
tain of  the  new  hybrid  races.  There  seems 
to  be  a  definite  tendency  for  crosses  be- 
tween the  tritici  and  the  secalis  varieties  to 
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TABLE  II 
Result  of  Crosses  Made  on  Berberis  vulgaris  Be- 
tween Varieties  of  Puccinia  graminis 
(University  of  Minnesota) 


Parents 


Fx  generation 


Hordei  variety 


Tritici       x  Secalis 

(Levine  and  Cotter,  1931) 

Secalis    7  x  Tritici     21 

*<  x      "        101 

Tritici  34  x  Agrostidis 

(Levine,  Cotter,  and  Stakman,  1934) 


Hordei  variety 


Tritici        x  Agrostidis 
Agrostidis  x  Tritici 

Secalis        x  Agrostidis 

Agrostidis  x  Secalis 
Poae  x  Agrostidis 


16  Tritici,  2  Hordei 
5  Tritici,  2  Hordei, 

1  Secalis 
9  Tritici,  4  Secalis, 

1  Avenae 
4  Tritici,  1  Secalis 
3      " 


Attempted  crosses  =  382,  pustules  producing  aecia 
=  35%  (Cotter  and  Levine,  1938) 


TABLE  III 

Results  of  Crosses  Made  on  Berberis  vulgaris 

Between  Vareties  of  Puccinia  graminis 

(Dominion  Rust  Research 

Laboratory) 


Parents 

Fi  generation 

Tritici  95  x  Secalis 

Tritici  104*  and  111 

"     30  x     " 

"         70 

"     30x     " 

"       112 

Secalis  x  Tritici 

Secalis 

Tritici  9  x  Agrostidis 

Hordei  (?) 

Agrostidis  x  Tritici  9 

Agrostidis 

(Johnson,  Newton,  and  Brown,  1932) 


Tritici  9  x  Avenae  6 

"     11  x      "        6 
"     36x      "         6 

Avenae  6  x  Tritici  9 
"  6x  "  11 
"       6x     "      36 


(Johnson  and  Newton,  1933) 


(Hybrid  belonging  to  no 
variety) 

(No  aecia  developed) 

(Aecia  formed  only  in  one 
pustule — no  infection  on 
wheat  or  oats) 


*  New  races  are  indicated  by  numbers  in  bold 
face. 

produce  races  of  the  hordei  variety.  From 
a  cross  between  the  tritici  and  avenae  va- 
rieties, a  hybrid  was  obtained  that  con- 
forms to  no  known  variety.  It  possesses 
the  ability  to  infect  normally  certain  varie- 
ties of  wheat  and  barley  as  well  as  certain 
oat  varieties  and  some  grasses  that  are  nat- 
ural hosts  of  oat  stem  rust. 


Hybridization  between  Races  of  Wheat 
Stem  Rust 
The  first  results  on  crosses  between 
races  of  wheat  stem  rust  were  reported  by 
Waterhouse  (1929).  From  such  a  cross, 
there  arose  two  races  of  this  rust  that  were 
previously  unknown  in  Australia. 

During  the  past  eleven  years,  a  large 
number  of  crosses  have  been  made  between 
different  races  of  wheat  stem  rust  at  the 
Dominion  Rust  Research  Laboratory,  Win- 
nipeg (Johnson,  Newton,  and  Brown  1934 ; 
Newton,  Johnson,  and  Brown  1930,  1930a). 
Out  of  these  crosses  there  have  arisen  ap- 
proximately two  dozen  new  races  of  this 
rust.  These  investigations  have  shown 
that  most  of  the  races  collected  in  nature 
are  heterozygous  for  pathogenicity,  and 
that  interfertility  between  the  different 
races  is  complete.  In  a  number  of  these 
crosses,  the  inheritance  of  pathogenicity 
was  studied,  in  some  of  the  progeny  as  far 
as  the  fourth  and  even  the  fifth  genera- 
tions. The  occurrence  of  several  mutant 
strains  of  abnormal  spore  color  has  af- 
forded an  opportunity  for  the  study  of  the 
inheritance  of  urediospore  color,  but  as 
these  studies  lie  somewhat  outside  the 
scope  of  this  symposium,  it  need  only 
be  remarked  that  urediospore  color  and 
pathogenicity  are  inherited  independently, 
and  that  the  inheritance  of  urediospore 
color  conforms  in  general  to  Mendelian 
laws. 

In  regard  to  studies  on  the  inheritance 
of  pathogenicity,  it  should  be  pointed  out 
that  they  involve  the  identification  of  the 
races  represented  in  the  F1  and  subsequent 
generations.  Races  of  wheat  stem  rust  are 
differentiated  by  the  infection,  or  pustule, 
types  that  they  produce  on  12  standard 
varieties  of  wheat.  By  reason  of  the  la- 
borious technique  incident  to  the  identifica- 
tion of  these  races,  the  number  of  progeny 
cultures  that  can  be  studied  is  much  more 
limited  than  if  the  character  studied  were 
readily  discernible  by  visual  inspection. 

The  results  obtained  relative  to  the  in- 
heritance of  pathogenicity  may  be  briefly 
summarized.  In  the  main,  they  point  to  a 
Mendelian  manner  of  inheritance. 


ORIGIN    OF   RACES   OF   RUST  FUNGI 


69 


First-generation  Hybrids.  Crosses  be- 
tween two  races  homozygous  for  patho- 
genicity yield  Fx  hybrids  that  are  identical 
in  pathogenicity.  On  the  other  hand,  if  two 
heterozygous  races  are  crossed,  it  fre- 
quently happens  that  different  crosses  be- 
tween the  same  two  races  give  rise  to 
pathogenically  different  hybrids.  A  simi- 
lar result  is  obtained  when  one  of  the  par- 
ents is  homozygous  and  the  other  hetero- 
zygous. 

The  Fx  hybrid  of  a  cross  between  two 
races  may  be  pathogenically  identical  with 
one  or  the  other  of  the  parents.  For 
example,  when  Race  9  is  crossed  with  Race 
15  or  with  Race  52,  the  Fx  hybrid  is  identi- 
cal in  pathogenicity  with  the  Race  9  par- 
ent. Apparently,  then,  in  crosses  between 
some  races  of  wheat  stem  rust,  the  Men- 
delian  principle  of  dominance  is  evident. 
On  the  other  hand,  the  Fx  hybrids  pro- 
duced by  crossing  other  races  may  be,  and 
as  a  rule  are,  different  in  pathogenicity 
from  the  parents.  Usually  they  show,  at 
least  on  some  of  the  differential  varieties,  a 
certain  degree  of  intermediacy  between  the 
parents.  In  crosses  between  heterozygous 
races,  however,  Fi  hybrids  occasionally 
arise  that  are  of  greater  virulence  on  some 
wheat  varieties  than  are  the  parental  races. 

Here  it  may  be  remarked  that  identity 
in  pathogenicity  does  not  necessarily  imply 
absolute  genetic  identity  in  respect  to 
pathogenicity.  The  twelve  differential 
wheat  varieties  used  to  differentiate  races 
of  wheat  stem  rust  are  inadequate  to  re- 
solve the  rust  into  all  its  genotypically  dif- 
ferent strains.  For  example,  in  the  cross 
Race  9  x  Race  15,  mentioned  above,  the 
parent  Race  9  is  homozygous  for  patho- 
genicity, but  the  Fi  hybrid,  identified  as 
Race  9,  produced  when  selfed  a  progeny 
consisting  of  three  other  races  in  addition 
to  Race  9.  It  is,  therefore,  genotypically 
different  from  the  parent  Race  9,  but  the 
differential  varieties  are  incapable  of  giv- 
ing expression  to  the  difference. 

Second-generation  Hybrids.  When  the 
Fx  hybrids  are  selfed,  the  parental  races 
are  not  infrequently  recovered  in  the  F2 
progeny,   together   with   other   races   that 


show  some  of  the  pathogenic  characteristics 
of  the  parents.  Hence,  there  is  evidently 
a  segregation  and  recombination  of  factors 
governing  pathogenicity.  The  hybrid  race, 
or  rather  its  phenotype,  occurs  more  fre- 
quently than  any  other  race. 

The  cross  Race  9  x  Race  36  may  be  taken 
as  an  example.  The  Fx  hybrid  was  identi- 
fied as  Race  17.  In  the  second  generation 
126  cultures  were  studied  and  the  F2  prog- 
eny were  resolved  into  one  or  another  of 
seven  different  races.  Race  17  occurred 
much  more  frequently  than  any  of  the 
other  six.  The  F2  population  studied  was 
too  small  to  permit  of  the  establishment  of 
a  factorial  basis  for  the  inheritance  of 
pathogenicity;  but  there  appears  to  be 
little  doubt  that  the  inheritance  obeys  Men- 
delian  laws.  The  distribution  of  the  cul- 
tures among  the  seven  races  is  given  in 
Table  IV. 

TABLE  IV 

A  Comparison  Between  Observed  Frequencies  of 

Physiologic  Eaces  in  the  Second  Hybrid 

Generation  of  the  Cross  Eace  9xEace 

36,  and  Frequencies  Calculated  on 

the  Basis  of  a  27 :  9 :  9 :  9 :  3 :  3 :  3 :  1 

Eatio 


Physiologic  races 

17      1      36 

11 

15  85  57 

Observed      frequen- 
cies     

69     22     14 
54     18     18 

15 

18 

14     10 

Calculated  frequen- 
cies     

6     6     6     2 

In  some  of  the  crosses,  certain  races  of 
the  F2  progeny  are  homozygous  for  patho- 
genicity, although  the  majority  of  them  are 
heterozygous,  as  would  be  expected  if 
Mendelian  laws  were  operative.  There  is 
also  evidence  that  a  continued  selfing  of 
the  progeny  of  a  cross  tends  towards  homo- 
zygosity in  the  races  of  later  generations. 
Thus,  the  selfing  of  F2  races  generally  re- 
sults in  fewer  races  than  does  the  selfing 
of  the  Fi  hybrids.  This  tendency  is  illus- 
trated in  Fig.  1. 

Maternal  Cytoplasmic  Inheritance 

Although  in  crosses  between  some  races 
of   wheat    stem   rust   the    inheritance    of 
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pathogenicity  seems  rather  definitely  to  be 
determined  by  Mendelian  laws,  in  crosses 
between  certain  other  races  conformity  to 
these  laws  is  partially  lacking.  If  patho- 
genicity is  governed  by  Mendelian  factors, 
it  would  be  expected  that,  when  a  cross  and 
its  reciprocal  are  made  between  two  races, 
one  and  the  same  race  would  emerge  from 
both  sides  of  the  cross,  provided,  of  course, 
that  in  the  crossing  a  single  pustule  of  each 
race  was  used.  It  has  been  found  that,  in 
crosses  between  certain  races,  the  Fa 
hybrid  arising  from  one  side  of  the  cross 
differs  somewhat  in  pathogenicity  from  the 
hybrid  arising  from  the  other  side.  In 
other  words,  some  influence  other  than 
nuclear  is  operative.  This  influence  is  per- 
petuated in  the  second  and  subsequent  gen- 
erations, and  has  been  attributed  to  the 
cytoplasm  of  the  maternal  parent  (John- 
Race  56  x  Race  9 

F,  Race  17 


Fig.  1.  Eaees  Isolated  in  Different  Generations 
of  the  Cross  Eace  36  x  Eace  9. 

son,   Newton,   and  Brown   1934;  Newton, 
Johnson,  and  Brown  1930a). 

To  illustrate  this  type  of  inheritance, 
the  cross  Race  36  x  Race  14  may  be  taken. 
These  two  races  differ  widely  in  their  abil- 
ity to  attack  Marquis  wheat,  one  of  the 
differential  varieties.  Race  36  is  highly 
pathogenic  to  Marquis,  but  Race  14  only 
weakly  so.  The  Fi  hybrid  from  the  Race 
36  side  of  the  cross  was  identified  as  Race 
88,  a  race  only  slightly  less  pathogenic 
than  Race  36  to  Marquis.  In  the  subse- 
quent progeny  of  Race  88,  at  least  as  far  as 
the  fourth  generation,  all  the  races  studied 
exhibited  on  Marquis  the  same  infection 
type  as  Race  88.  The  Fx  hybrid  from  the 
reciprocal  cross  was  weakly  pathogenic  to 


Marquis,  as  were  also  all  races  in  subse- 
quent progeny  derived  from  it.  If  Men- 
delian factors  alone  were  operative,  some 
of  the  F2  and  subsequent  progeny  should 
have  resembled  in  their  infection  type  on 
Marquis  the  weak  pathogenicity  of  the 
Race  14  parent.  On  the  other  eleven  dif- 
ferential varieties,  the  inheritance  seemed 
to  be  completely  Mendelian. 

Inbreeding  of  Stem  Rust  Races 
In  the  course  of  these  studies  (Johnson 
and  Newton  1938),  attention  was  given  to 
the  origin  of  abnormal  characteristics  aris- 
ing as  a  result  of  successive  selfing,  or  in- 
breeding, of  races  of  wheat  stem  rust.  It 
was  found  that,  when  certain  races  were 
inbred,  they  gave  rise  to  strains  exhibiting 
one  or  more  of  the  following  abnormal 
characteristics:  (a)  aberrant  urediospore 
color,  (&)  a  decrease  in  vigor  of  sporula- 
tion,  (c)  a  decrease  in  pathogenic  vigor, 
(d)  a  greater  sensitivity  to  high  tempera- 
tures than  races  collected  in  the  field,  (e) 
loss  of  ability  to  produce  aecia  on  barberry, 
and  (/)  the  development  of  uredia  and 
telia  on  barberry.  Other  races,  however, 
when  inbred,  produced  progeny  that  ap- 
peared normal  in  all  respects. 

Such  abnormalities  are  rarely,  if  ever, 
met  with  in  nature — probably  for  several 
reasons.  In  the  first  place,  most  of  the 
abnormalities  are  detrimental  to  the 
strains  of  stem  rust  possessing  them,  and, 
consequently,  such  strains  very  probably 
have  less  chance  of  survival  than  normal 
strains.  Besides,  the  abnormalities  appear 
to  be  governed  by  recessive  factors,  which 
only  find  expression  when  brought  together 
in  a  homozygous  condition.  In  the  labora- 
tory, this  homozygosity  comes  about  as  a 
result  of  inbreeding.  In  nature,  however, 
crossing  perhaps  occurs  just  about  as  fre- 
quently as  selfing,  and  inbreeding  for  sev- 
eral successive  generations  probably  rarely 
occurs.  Hence,  there  is  perhaps  little  op- 
portunity for  the  segregation  of  such  fac- 
tors. When  abnormal  races  are  crossed 
with  normal  ones,  the  abnormalities  tend 
to  disappear.  Hybridization,  therefore, 
tends  to  maintain  the  normal  character- 
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istics  of  the  races.  For  these  reasons,  it 
would  appear  that  the  chances  of  abnormal 
races  occurring  in  nature  are  rather 
limited. 

Evidence  of  Hybridization  in  Nature 

That  hybridization  between  races  of 
stem  rust  occurs  in  nature  can  scarcely  be 
doubted,  although  most  of  the  evidence  is 
indirect,  as  of  necessity  most  such  evidence 
must  be.  It  has  already  been  mentioned 
that  the  majority  of  races  of  wheat  stem 
rust  collected  in  the  field  are  heterozygous 
for  pathogenicity — a  fact  that  may  be 
taken  as  indicative  of  their  hybrid  origin. 
Stakman,  Levine,  Cotter,  and  Hines 
(1934)  showed  that,  from  94  aecial  collec- 
tions, a  different  race  was  isolated  for 
every  four  collections;  while,  from  about 
8,000  uredial  collections,  a  different  race 
was  isolated  for  every  100  collections. 
From  oats  growing  in  the  vicinity  of  bar- 
berry, Cotter  (1932)  isolated  a  new  race  of 
oat  stem  rust  that  very  evidently  origi- 
nated either  by  the  hybridization  of  two 
races  or  by  the  selfing  of  a  race  on  bar- 
berry. Waterhouse  (1929)  has  called  at- 
tention to  the  great  number  of  wheat  stem 
rust  races  in  the  northern  Mississippi  Val- 
ley, where  barberry  readily  becomes  in- 
fected, and  to  the  very  small  number  of 
races  of  this  rust  in  Australia,  where  bar- 
berry seldom  rusts.  There  is  little  ques- 
tion that,  through  segregation  and  recom- 
bination of  pathogenicity  factors,  new 
races  of  stem  rust  arise  in  nature  through 
the  medium  of  barberry,  and  that,  in  the 
process,  hybridization  of  existing  races 
plays  an  important  part. 
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In  the  past  few  years,  rather  extensive 
studies  have  been  made  of  the  smut  fungi, 
particularly  with  reference  to  the  origin  of 
physiologic  races.  As  these  studies  have 
progressed,  the  information  has  become  not 
only  of  academic  interest  but  of  practical 
importance  to  geneticists,  plant  patholo- 
gists, and  plant  breeders  who  are  interested 
in  the  development  of  smut-resistant  lines 
of  cereals.  Intraspecific,  interspecific,  and 
even  intergeneric  hybrids  have  been  made. 
As  a  result,  new  entities  have  developed 
that  differ  both  phenotypically  and  geno- 
typically  from  the  parental  lines. 

Facts  concerning  the  origin  of  physi- 
ologic races  of  the  smut  fungi  through  hy- 
bridization may  perhaps  be  better  under- 
stood if  first  a  brief  summary  is  given  re- 
garding the  sexuality  of  these  organisms, 
particularly  those  that  commonly  produce 
sporidia.  The  sexual  process  in  these  smut 
fungi  is  reduced  to  very  simple  terms.  The 
sporidia,  which  are  morphologically  similar, 
are  gametes  and  each  contains  a  haploid 
nucleus.  Whenever  two  of  opposite  sex 
are  close  together,  fusion  may  take  place. 
The  nuclei  migrate  from  their  respective 
sporidia  into  an  infection  hypha,  which 
develops  from  the  fused  sporidia,  and  re- 
main associated  throughout  the  develop- 
ment of  the  mycelium  in  the  host  plant.  At 
the  time  of  chlamydospores  formation,  the 
nuclei  of  opposite  sex  fuse,  thereby  forming 
the  true  diploid  spore.  It  should  be  kept 
clearly  in  mind  that  the  haploid  sporidia 
or  hyphae  do  not  normally  infect  the  host 
plant,  and  that  it  is  only  after  what  is 
essentially  a  process  of  hybridization  that 
infection  may  take  place.  A  sporidium  of 
one  sex  may  fuse  with  one  of  opposite  sex 
(1)  of  another  physiologic  race  in  the  same 
species,  (2)  of  another  species  in  the  same 
genus,  or  even  (3)  of  a  species  in  another 
genus.    In  the  cases  where  chlamydospores 


are  produced,  obviously  there  are  combined 
in  them  factors  governing  a  number  of 
different  characters.  The  results  of  studies 
of  the  progeny  of  the  chlamydospores  thus 
formed  leave  no  doubt  that  new  races  of 
the  smut  fungi  originate  in  this  manner. 
Segregates  are  often  obtained  that  differ 
widely  from  the  parent  lines  in  factors  gov- 
erning cultural  characters,  tendency  to 
mutate,  morphology  of  chlamydospores  as 
well  as  in  factors  governing  pathogenicity. 

The  inheritance  of  factors  governing  cul- 
tural characters  from  intraspecific  crosses 
in  Ustilago  zeae  (Beckm.)  Ung.  has  been 
studied  extensively  by  Stakman,  Christen- 
sen,  and  their  coworkers  (1929).  Factors 
for  cultural  characteristics  of  the  progeny 
from  a  single  chlamydospore  were  found  to 
segregate  independently  of  sex  and  of  one 
another  and,  as  reported  by  Christensen 
(1931),  the  segregation  of  the  factors  for 
either  sex  or  cultural  characters  may  be  on 
a  4 :  0,  3 : 1,  2 :  2,  1 :  2 : 1,  or  1 : 1 : 1 : 1  basis. 
His  studies  of  F±  lines  on  potato-dextrose 
agar  indicate  that  there  are  multiple  factors 
in  TJ.  zeae  for  rate  of  growth,  type  of  growth, 
color,  consistency,  and  topography;  and 
possibly  for  the  tendency  to  mutate. 
Christensen  further  found  that  32  Fi  lines 
isolated  from  chlamydospores  in  a  single 
smut  gall  resulting  from  crossing  two 
monosporidial  lines  were  all  culturally  dif- 
ferent from  each  other.  In  a  similar  man- 
ner, Holton  (1932)  studied  the  segregation 
of  factors  governing  cultural  characters 
resulting  from  intraspecific  crosses  in  TJ. 
avenae  (Pers.)  Jens,  and  TJ.  levis  (Keller- 
man  and  Swingle)  Magnus.  The  haploid 
colonies  differed  as  strikingly  as  did  those 
of  TJ.  zeae.  Furthermore,  in  five  lines  iso- 
lated successively  from  a  single  segment  of 
the  promycelium,  four  proved  to  be  differ- 
ent in  cultural  characters. 

More  recently,  the  writer  studied  the  cul- 
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tural  characters  of  a  monosporidial  line  of 
Sphacelotheca  sorghi  (Link)  Clinton  and 
one  of  S.  cruenta  ( Kiihn)  Potter  in  com- 
parison with  the  cultural  characters  of  the 
progeny  of  the  interspecific  cross  between 
these  two  lines.  Of  90  monosporidial  lines 
from  the  progeny,  only  2  appeared  to  be 
identical  with  the  parental  line  of  S.  sorghi 
and  1  with  the  parental  line  of  S.  cruenta. 
The  other  lines  of  the  cross  were  different 
from  the  parental  lines  in  one  or  more  of 
the  following  colony  characters:  color,  to- 
pography, surface,  consistency,  margin,  rate 
of  growth,  and  tendency  to  mutate.  Fac- 
tors governing  any  one  of  these  cultural 
characters  segregated  independently  of  the 
others  and  of  those  determining  sex. 

Although  the  subject  of  the  origin  of 
physiologic  races  by  mutation  will  be  dis- 
cussed in  the  following  paper  by  Dr.  J.  J. 
Christ ensen,  it  is  important  to  point  out 
here  that  during  a  period  of  three  years  no 
apparent  mutation  has  taken  place  in  the 
two  haploid  lines  used  as  parents  in  the 
interspecific  cross  referred  to  above.  Dur- 
ing this  time  they  have  been  subcultured  at 
intervals  of  two  months,  and  at  no  time  have 
wedge-shaped  sectors  or  patch  mutants  ap- 
peared. There  was  no  visual  evidence  of 
mutation  in  5  of  90  monosporidial  lines. 
However,  in  each  of  81  of  the  lines,  from 
2  to  4  wedge-shaped  sectors  or  patch  mu- 
tants developed.  The  remaining  4  lines 
were  particularly  unstable,  and  it  was  not 
uncommon  to  find  in  any  one  of  the  4  col- 
onies at  least  10  distinct  sectors  or  patches. 
Wide  variations  in  color  and  in  type  and 
rate  of  growth  occurred,  even  to  the  extent 
of  a  black,  mycelioid,  rapidly  growing  mu- 
tant from  an  almost  cream  colored,  spor- 
idial,  relatively  slow-growing  line. 

Hybrids  may  differ  also  from  parent  lines 
in  factors  other  than  those  governing  cul- 
tural characters.  This  was  true  in  the 
progeny  resulting  from  the  interspecific 
cross  of  Sphacelotheca  sorghi  and  8.  cruenta. 
In  the  segregating  progeny  of  a  first  gen- 
eration backer oss  to  the  recessive  parent, 
8.  sorghi,  phenotypes  were  recovered  resem- 
bling, macroscopically,  8.  sorghi,  8.  cruenta, 
and  a  third  type  which  was  distinctly  inter- 
mediate, having  some  of  the  characteristics 
common  to  both  species.    Some  of  the  prog- 


eny had  gray-colored  peridia  surrounding 
the  sori,  some  had  grayish  brown,  and  still 
others  reddish  brown  peridia.  Other  segre- 
gates were  strikingly  different  in  the  degree 
to  which  they  stunted  the  host  plant.  Alli- 
son (1937)  found  that  Ustilago  hordei 
(Pers.)  Kellerman  and  Swingle,  the  patho- 
gen causing  the  covered  smut  of  barley, 
hybridized  readily  with  the  loose  smut  or- 
ganism, U.  medians  Bieden,  or  U.  nigra 
Tapke.  Chlamydospores  of  the  covered 
smut  fungus  are  smooth  and  those  of  the 
loose  smut  fungus  are  echinulate.  In  the 
Fi  generation,  the  chlamydospores  were 
found  to  be  echinulate  and  the  head  type 
intermediate.  Combinations  of  head  type 
and  chlamydospore  wall  markings  differing 
from  either  parent  type  were  obtained  in  the 
F2  generation. 

New  entities  have  been  produced  also  as  a 
result  of  hybridization  between  smut  fungi 
of  different  genera.  Tyler  and  Shumway 
(1935)  crossed  Sphacelotheca  sorghi  with 
Sorosporium  reilianum  (Kiihn)  Mc Alpine, 
the  pathogens  causing  the  covered  kernel 
and  the  head  smuts  of  sorghum,  respec- 
tively. Both  the  sori  and  chlamydospores 
produced  appeared  to  be  intermediate  be- 
tween the  parent  lines.  Likewise,  Vahee- 
duddin  (1936)  obtained  a  fertile  inter- 
generic  hybrid  by  crossing  monosporidial 
lines  of  Sphacelotheca  cruenta  and  Soro- 
sporium reilianum.  Here  again  phenotypes 
were  obtained  having  some  characters  com- 
mon to  both  parents.  Echinulate  hybrid 
chlamydospores  were  intermediate  in  size 
between  both  parents  and  produced  pro- 
mycelia  and  sporidia  significantly  larger 
than  those  of  the  parental  lines. 

In  the  process  of  segregation  and  recom- 
bination of  factors  affecting  the  cultural 
and  morphologic  characteristics,  there  is 
equal  opportunity  for  a  recombination  of 
factors  affecting  pathogenicity.  As  a  result, 
one  might  expect  some  of  the  progenies  to 
differ  in  virulence  from  the  parental  lines 
used  in  the  crosses.  This  has  proved  true  in 
a  number  of  intra-  and  interspecific  hy- 
brids. Christensen  (Stakman,  Christensen, 
Eide,  and  Peturson,  1929)  found  that  di- 
karyophytes  of  Ustilago  zeae  resulting  from 
pairing  Fi  lines  had  various  degrees  of 
pathogenicity:    some    were    very    virulent, 
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some  moderately  virulent,  and  others  ap- 
peared to  be  relatively  innocuous.  In  ex- 
periments with  the  sorghum  smut  organ- 
isms, at  least  four  pathogenically  distinct 
races  have  been  produced  from  intra-  and 
interspecific  crosses  of  Sphacelotheca  sorghi 
and  8.  cruenta.  Intraspecific  crosses  were 
significantly  more  virulent  on  Reed  kafir 
than  either  parent,  while  interspecific  hy- 
brids in  these  tests  were  less  virulent  than 
either  parent.  Some  of  the  most  significant 
results  have  been  reported  by  Holt  on 
(1936a)  in  comparing  the  pathogenicity  of 
pure  lines,  hybrids,  and  hybrid  segregates 
of  the  oat  smut  fungi,  U.  levis,  U.  avenae, 
and  the  so-called  buff  smut  organism  which 
resulted  from  a  mutation  in  U.  levis.  His 
data  (Holton  1936)  presented  in  Table  I 
indicate  clearly  that  a  new  pathogenic  strain 
of  U.  levis  that  attacks  the  varieties  Goth- 
land and  Monarch  was  produced  by  cross- 
ing a  Gothland  strain  of  U.  avenae  with  a 
Monarch  strain  of  U.  levis.  Also  it  is  evi- 
dent that  a  new  pathogenic  strain  of  the 
buff  smut  fungus  that  attacks  both  Gothland 
and  Monarch  was  produced  by  crossing  the 
Gothland  strain  of  II .  avenae  with  the  Mon- 
arch buff  smut  strain  which  would  not  infect 
Gothland.  Holton  (1938)  reported  also  on 
the  pathogenicity  of  an  interspecific  hybrid 
resulting  from  a  cross  between  the  bunt 
smut  organisms,  Tilletia  tritici  (Bjerk.) 
Wint.  (race  T-9)  and  T.  levis  Kuhn  (race 
L-8).  The  variety  Oro  is  resistant  to  T-9 
and  susceptible  to   L-8.     Hohenheimer  is 


susceptible  to  T-9  and  resistant  to  L-8. 
The  hybrid  obtained  as  a  result  of  the  cross, 
although  less  virulent  than  either  parent, 
attacked  both  varieties  sufficiently  to  dis- 
tinguish it  from  either  of  the  parent  races. 
It  is  significant  that  the  hybrid  selection 
which  produced  46  per  cent  bunt  on  Oro 
resembled  T.  tritici  in  morphology,  whereas 
this  variety  has  proven  highly  resistant  to 
all  of  the  races  of  this  species  described  by 
Rodenhiser  and  Holton  (1937). 

In  the  experiments  that  have  been  cited, 
hybrid  lines  were  produced  under  carefully 
controlled  laboratory  conditions.  The  ques- 
tion arises,  however,  as  to  whether  there  is 
opportunity  for  intra-  and  interspecific 
hybridization  to  take  place  under  natural 
conditions  in  the  field.  Undoubtedly  there 
is  opportunity,  particularly  where  races  and 
species  having  the  same  life  histories  are 
found  in  the  same  field.  This  is  frequently 
the  case  as  regards  races  and  species  of 
Tilletia.  In  collections  of  approximately  25 
bunt-infected  heads  from  a  single  field,  it  is 
not  uncommon  to  find  both  T.  levis  and  T. 
tritici  present  and  both  having  entirely  dif- 
ferent factors  for  pathogenicity.  Further- 
more, in  these  collections,  race  and  species 
mixtures  are  occasionally  found  in  the  same 
spike  and  even  the  same  bunt  ball.  In  some 
of  our  recent  tests,  inoculum  obtained  from 
a  single  spike  contained  a  race  of  T.  tritici 
and  a  race  of  T.  levis  which  differed  in 
pathogenicity  on  Marquis  wheat.  In  addi- 
tion,   there    is   preliminary    evidence    that 


TABLE  I 

Percentages  of  Smutted  Panicles  Produced  on  Oat  Varieties  by  Pure  Lines,  Hybrids,  and  Hybrid 
Segregates  of  Ustilago  levis,  U.  avenae,  and  the  Buff  Smut  Fungus* 


Percentage  of  panicles  smutted  by 

Variety  of  oats 

V.  levis 

U.  avenae 

Buff 
smut 

V.  levis  x  U.  avenae 

U.  avenae  x  buff  smut 

P2 

F2  U.  levis 

segregate 

F3 

F2 

F2buff 

segregate 

F3 

Gothland  

Monarch   

0.0 
99.0 

100.0 
.0 

0.0 
55.0 

22.0 
21.0 

92.0 
45.0 

3.0 
6.0 

100.0 
22.0 

*  The  low  percentages  of  smut  produced  in  the  F2  of  the  U.  levis  x  U.  avenae  and  TJ.  avenae  x  buff 
smut  hybrids  is  no  doubt  explainable  on  the  basis  of  a  low  degree  of  viability  of  F2  sporidia  and  the  pro- 
duction of  individuals,  through  segregation  and  recombination  of  factors  for  pathogenicity,  that  were  not 
pathogenic  on  these  two  varieties. 
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ehlamydospores  obtained  from  a  third  smut 
ball  of  the  same  head  are  of  a  race  of  T. 
levis  pathogenic  to  the  variety  Hohenheimer 
and  not  previously  identified  in  smut  col- 
lections in  this  country.  There  is  likewise 
opportunity  for  hybridization  between  Usti- 
lago avenae  and  U.  levis.  These  two  species 
of  oat  smut,  which  have  the  same  life  his- 
tory, are  often  found  in  the  same  fields,  and 
it  seems  significant  that  among  them  it  is 
not  uncommon  to  find  intermediate  types 
having  some  of  the  characteristics  of  both 
the  loose  and  covered  type  smuts.  The  loose 
and  covered  kernel  smuts  of  sorghum  may 
also  be  found  in  the  same  fields,  and  there  is 
some  evidence,  according  to  Tisdale,  Mel- 
chers,  and  Clemmer  (1927),  that  their  col- 
lection of  the  milo  race  of  sorghum  smut 
originated  as  a  result  of  hybridization  be- 
tween 8.  sorghi  and  8.  cruenta.  Although 
classified  as  a  race  of  8.  sorghi,  the  original 
collection  had  macroscopic  and  microscopic 
characteristics  common  to  both  species.  The 
general  morphology  of  the  intermediate 
types  which  have  been  produced  in  the  lab- 
oratory by  interspecific  hybridization  are  in 
every  way  similar  to  the  one  given  by  Tis- 
dale et  al.  (1927)  for  the  appearance  of 
their  milo  race  and  lends  support  to  their 
explanation  regarding  the  origin  of  the  race. 
In  this  discussion  an  attempt  has  been 
made  to  point  out  that,  in  laboratory  ex- 
periments, fusions  readily  occur  between 
haploid  lines  of  different  races,  species,  and 
genera,  thus  initiating  the  formation  of 
diploid  hyphae  containing  hereditary  fac- 
tors of  two  parental  lines.  As  a  result  of 
recombination  and  segregation  of  these  fac- 
tors, new  entities  have  developed  that  differ 
from  the  parent  lines  in  cultural  character- 
istics, morphology,  and  pathogenicity.  It 
has  been  further  pointed  out  that  there  is 
ample  opportunity  for  hybridization  to  take 
place  under  field  conditions.  Mixtures  of 
races  and  species  of  the  organisms  having 
the  same  life  histories  are  commonly  found 
in  the  same  commercial  grain  fields,  and  it 
is  not  unusual  to  find  types  having  char- 
acteristics common  to  two  different  species. 
This  is,  of  course,  circumstantial  evidence 
that  hybridization  has  occurred.  However, 
the  ease  with  which  hybrids  may  be  made 
under  controlled  conditions  and  the  simi- 


larities of  these  progenies  with  those  inter- 
mediate types  found  in  the  field  are  cer- 
tainly strong  evidence  that  physiologic  races 
of  the  smut  fungi  occur  in  nature  as  a  result 
of  hybridization. 
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Craigie  and  Rodenhiser  in  papers  pre- 
ceding this  one  have  presented  evidence 
that  new  races  of  pathogenic  fungi  may 
arise  as  the  result  of  hybridization  between 
biotypes.  New  races  also  may  arise  in 
fungi  that  reproduce  asexually  and  in 
which  hybridization  does  not  occur  or,  at 
least,  does  not  play  an  important  role. 
Moreover,  they  arise  frequently  in  haploid 
lines  of  heterothallic  fungi.  Obviously, 
some  explanation  other  than  hybridization 
and  adaptation  is  necessary  to  account  for 
these  variations.  Such  changes  probably 
can  best  be  explained  on  the  basis  of  muta- 
tions or  saltations. 

Mutation  may  be  denned  as  a  genotypic 
change  which  is  not  the  result  of  hybridi- 
zation and  segregation,  and  which  is  heri- 
table. This  definition  assumes  that  the  iso- 
late is  a  clon  and  preferably  derived  from 
a  single  nucleus.  It  is  significant  that 
derivation  of  a  line  from  a  single  spore  is 
no  assurance  of  genetic  purity,  as  diploid, 
dicaryotic,  and  heterocaryotic  spores  may 
give  rise  to  two  or  more  biotypes  on  ger- 
mination. 

It  has  been  generally  recognized  that 
mutations  are  common  in  both  haploid  and 
diploid  lines  of  fungi,  including  the  smuts 
(Christensen  1932;  Rodenhiser  1934;  Stak- 
man  et  al.  1929).  It  seems  logical  to  as- 
sume that  mutation  may  also  occur  in  races 
of  fungi  derived  from  multinucleate 
spores.  Objections  have  been  raised  to  the 
designation  of  variants  arising  in  Fungi 
Imperfecti  as  mutants  because,  in  many 

i  Paper  No.  1726  of  the  Scientific  Journal  Series, 
Minnesota  Agricultural  Experiment  Station. 

2  In  a  short  review  it  is  impossible  to  discuss  all 
of  the  results  pertinent  to  this  problem,  hence,  the 
writer,  on  account  of  his  greater  familiarity  with 
the  work  done  at  University  Farm,  has  relied  chiefly 
on  these  results.  The  writer  is  indebted  to  Pro- 
fessor E.  C.  Stakman  for  help  and  criticism  in 
preparation  of  this  manuscript. 


species,  the  cells  and  spores  are  multinu- 
cleate, and  consequently  variants  might 
arise  by  the  separation  of  genetically  un- 
like nuclei  (Brierley  1929;  Hansen  1938). 
There  is  evidence  that  sometimes  this  actu- 
ally happens  (Dickinson  1932;  Hansen 
and  Smith  1932;  Hansen  1938).  But  het- 
erocaryosis  apparently  does  not  explain 
some  of  the  variation  which  it  originally 
was  supposed  to  explain.  Even  though 
spores  may  be  multinucleate,  it  does  not 
follow  that  the  nuclei  contain  different 
genetic  factors.  In  fact,  it  has  been  shown 
that  the  nuclei  in  a  multinucleate  spore  in 
some  fungi  are  derived  from  a  single  nu- 
cleus and  are  therefore  genetically  alike 
unless  reduction  division  occurred  or  un- 
less there  had  been  some  chromosomal  ab- 
normality, resulting  in  mutation  (Chris- 
tensen and  Davies  1937;  Dickinson  1932). 
In  Helminthosporium  sativum  P.K.B.,  for 
example,  one  of  the  most  mutable  of  the 
Fungi  Imperfecti  with  which  the  writer  is 
familiar,  all  of  the  nuclei  in  conidia  pro- 
duced on  the  same  conidiophore  are  de- 
rived from  a  single  nucleus  (Christensen 
and  Davies  1937).  Extensive  experiments 
were  made  to  ascertain  whether  variation 
in  this  fungus  might  be  due  to  chance  as- 
sortment of  nuclei,  but  the  results  were 
negative.  All  indications  were  that  the 
spores  themselves  were  not  in  reality  het- 
erocaryotic and  therefore  their  variation 
could  hardly  result  from  a  chance  assort- 
ment of  nuclei. 

Variability 

It  is  important  to  distinguish  clearly 
between  phenotypic  modification  or  vari- 
ability and  true  genetic  changes.  Fluctua- 
tions in  growth,  color  changes,  amount  of 
fructification,  and  changes  in  other  cul- 
tural characters  due  to  temperature,  nu- 
trients, chemicals,  hydrogen-ion  concentra- 
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tions,  and  the  presence  of  toxic  materials 
are  common  examples  of  variability  which 
disappear  when  the  stimulus  is  removed. 
There  is  no  evidence  that  fungi  like  TJsti- 
lago  zeae  (Beckm.)  Ung.  and  Helmintho- 
sporium  sativum  lose  or  acquire  new  char- 
acters gradually  as  a  result  of  growth  on 
different  media  or  under  varying  condi- 
tions in  the  laboratory.  Changes  do  occur 
in  cultural  characteristics  and  in  patho- 
genicity, but  they  arise  suddenly  and  are 
heritable.  In  certain  fungi  it  is  not  uncom- 
mon to  find  a  monosporous  culture  which 
has  bred  true  for  several  cultural  genera- 
tions, both  from  spores  and  mycelium,  giv- 
ing rise  to  one  or  more  variants  differing 
strikingly  from  the  rest  of  the  culture. 

Frequency  of  Mutation 

Mutation  has  been  reported  in  all  classes 
of  fungi  (Christensen  1926;  Das  Gupta 
1936 ;  Stakman  1928 ;  Stevens  1922) .  There 
are  marked  differences  in  mutability,  not 
only  among  different  groups,  but  also  among 
species  belonging  to  the  same  genus.  For 
instance,  mutation  is  very  common  in  Hel- 
minthosporium  sativum,  Phlyctaena  linicola 
Speg.,  and  Sphacelotheca  sorghi  (Lk.)  CL, 
but  it  apparently  is  relatively  infrequent  in 
Rhizoctonia  solani  Kiihn  and  Puccinia  gra- 
minis  Pers.  ( Christensen  1926 ;  Newton  and 
Johnson  1927;  Rodenhiser  1930;  Stakman 
1928;  Stakman  et  al.  1930;  Vallega  1936). 
Even  biotypes  within  a  species  may  differ 
greatly  in  their  tendency  to  mutate  (Chris- 
tensen 1926,  1932;  Stakman  et  al.  1929; 
Stakman  1936). 

During  the  past  ten  years,  the  writer  has 
observed  in  the  laboratories  at  University 
Farm,  St.  Paul,  Minnesota,  thousands  of 
variants  involving  many  species.  Many  of 
these  have  been  isolated  and  cultured  for 
many  clonal  generations,  while  some  have 
been  hybridized  and  their  progeny  studied. 
From  two  unisexual  lines  of  Ustilago  zeae, 
Stakman3  and  his  coworkers  have  isolated 
hundreds  of  new  haploid  biotypes.  The 
production  of  so  many  mutants  may  seem 
almost  incredible,  yet  the  frequency  of 
mutation  probably  is  not  greater  than  that 

3  Unpublished  data. 


in  some  higher  plants.  This  is  apparent 
when  one  remembers  that  a  single  colony 
of  smut  25-30  mm  in  diameter  may  consist 
of  billions  of  individuals  (sporidia).  Stak- 
man (1936)  has  proven  that  the  tendency 
to  produce  mutants  in  TJ.  zeae  is  determined 
by  genetic  factors. 

How  Mutants  Arise 

Mutants  may  arise  either  in  artificial  cul- 
ture or  on  living  hosts.  They  most  fre- 
quently arise  as  wedge-shaped  or  fan-shaped 
sectors  in  colonies  growing  on  nutrient 
media,  but  sectors  of  various  other  shapes 
are  not  unusual.  The  relative  proportion 
of  a  colony  occupied  by  a  mutant  or  mutants 
and  the  original  type  are  quite  variable. 
Sectors  may  arise  at  one  or  more  points, 
sometimes  in  masses  over  a  considerable  area 
of  a  colony.  The  margin  of  a  colony  of 
Helminthosporium  sativum  may  be  occupied 
almost  entirely  by  sectors  of  different  colors, 
sizes,  and  shapes.  The  total  number  of  sec- 
tors produced  in  a  colony  derived  from  a 
single  spore  may  vary  considerably.  More 
than  40  sectors  have  been  counted  in  a 
single  colony  of  H.  sativum  growing  in  a 
petri  dish. 

Mutants  also  arise  in  tufts  or  " patches' ' 
of  various  types  on  the  surface  of  colonies. 
These  "patch"  mutants  are  often  difficult 
to  detect  and  hence  probably  are  much  more 
common  than  is  generally  supposed.  In 
some  fungi,  mutants  may  actually  grow 
over  the  greater  part  of  the  parental  col- 
ony. Furthermore,  they  can  not  always 
be  detected,  as  some  arise  that  are  indis- 
tinguishable from  the  parent  culturally  and 
morphologically,  although  they  may  differ 
in  physiology  and  pathogenicity.  Inocula- 
tions made  from  either  type  of  culture, 
which  in  reality  has  become  a  mixture  of 
biotypes,  may  lead  to  erroneous  conclusions 
regarding  loss  or  increase  in  sporulating 
ability,  decrease  or  increase  in  virulence,  etc. 

Kinds  of  Mutant  Characters 

The  range  of  mutant  characters  is  very 
wide  in  some  fungi.  The  mutants  may 
differ  from  their  parents  in  cultural  char- 
acters, in  physiologic  characters,  in  patho- 
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genieity,  and  even  in  morphology.  Further- 
more, they  may  differ  from  each  other 
decidedly  in  their  tendency  to  mutate. 
Obviously,  those  mutants  that  are  most 
distinct  from  the  parents  attract  attention 
most  quickly  and  are  likely  to  be  most 
extensively  studied.  While  some  mutants 
may  clearly  have  the  general  characters  of 
the  species,  they  are  distinct  and  easily 
recognized  biotypes.  That  is,  there  may  be 
within  a  species  a  very  large  number  of 
biotypes  that  differ  from  each  other  in  one 
or  more  characters  but  which  have  not 
transcended  specific  limits.  Other  mutants, 
however,  are  so  different  from  their  parents 
in  one  or  more  characters  as  to  make  it  justi- 
fiable to  consider  them  as  different  species 
on  all  grounds  except  strictly  utilitarian 
ones  (Brown  1926 ;  Christensen  1926 ;  Mitter 
1929).  There  is  at  least  one  case  on  record 
in  which  mutants  of  one  species  would  have 
to  be  put  into  a  different  genus  under  the 
accepted  system  of  classification.  From  a 
monosporous  culture  of  Pestalozzia  funerea 
Desm.,  C,  Christensen  (1932)  isolated  mu- 
tants which  had  only  a  single,  short,  stubby 
appendage  instead  of  the  three  long  ap- 
pendages of  the  parental  type.  The  mutant 
therefore  on  the  basis  of  morphology  belongs 
in  the  genus  Monochaetia.  Mutants  that 
differ  decidedly  from  their  parents  are  easy 
to  detect,  but  in  many  fungi  numerous 
mutants  may  arise  that  differ  in  only  very 
minor  characters  from  their  parents.  In 
fact,  in  Ustilago  zeae  and  various  other 
fungi,  mutants  may  differ  from  their  par- 
ents only  in  slight  shades  of  color,  in  almost 
imperceptible  differences  in  the  topography 
of  colonies,  and  other  similar  characters. 
Yet  it  has  been  demonstrated  that  these  very 
minor  characters  are  definitely  determined 
by  genetic  factors.4  Because  of  their  num- 
ber and  difficulty  of  detection,  it  is  entirely 
possible  that  these  minor  mutations  may  be 
even  more  important  than  the  more  spec- 
tacular ones.  It  is  entirely  possible  that 
there  are  many  mutations  in  physiologic 
characters  only.  These  of  course  may  not 
necessarily  give  visual  evidence  of  their 
existence  so  that  conclusions  might  be 
4E.  C.  Stakman 's  unpublished  data  on  Ustilago 


drawn  regarding  changes  in  virulence  or 
other  physiologic  characters  resulting  from 
growth  on  certain  media  or  in  certain  hosts, 
particularly  if  the  substratum  has  a  selec- 
tive effect  on  the  different  biotypes  resulting 
from  mutation  in  a  given  line  or  culture. 

That  mutants  may  differ  from  their  par- 
ents in  cultural  characters  has  been  demon- 
strated repeatedly.  They  may  differ  from 
their  parents  in  tolerance  to  dyes  and  toxic 
substances,  in  the  production  of  acids  and 
enzymes,  and  in  temperature  relations 
(Christensen  and  Davies  1937;  Das  Gupta 
1936;  Dimock  1936;  Stakman  et  al.  1929). 
Mutation  in  physiologic  characters  may  be 
accompanied  also  by  mutation  in  cultural 
characters.  Mutants  often  differ  from  their 
parents  and  from  each  other  in  rate  of 
growth,  type  of  growth,  color  of  colonies, 
surface  of  colonies,  topography  of  colonies, 
and  in  amount  of  sporulation  (Christensen 
1926;  Leonian  1932;  Mitra  1931;  Mitter 
1929;  Stevens  1922;  Vallega  1936). 
Changes  in  spore  size  and  character  of 
mycelium  as  a  result  of  mutation  also  have 
been  reported  for  several  fungi  (Brown 
1926  ;  Das  Gupta  1936 ;  Dickson  1933 ;  Mit- 
ter 1929;  Wiltshire  1929). 

In  a  few  cases  comparative  studies  have 
been  made  of  the  virulence  of  mutants  and 
their  parents  (Bonde  1929;  Christensen 
1929;  Mitter  1929;  Rodenhiser  1930;  Stak- 
man et  al.  1929,  1930).  A  mutant  in  Hel- 
minthosporium  sativum  usually  had  the 
same  pathogenicity  as  its  parent.  When  a 
change  in  pathogenicity  did  occur,  the 
mutant  was  usually  less  virulent  than  the 
parent,  while  some  were  non-pathogenic  and 
others  were  distinctly  more  virulent  than 
the  parent  (unpublished  data  and  Christen- 
sen 1929).  Definite  genetic  changes  in 
pathogenicity  also  have  been  demonstrated 
in  mutants  from  haploid  lines  of  Ustilago 
zeae  (Stakman  et  al.  1929,  1933).  The  in- 
crease in  virulence  of  mutants  arising  in 
nutrient  media  is  rather  significant,  as  it 
may  possibly  explain  the  apparent  increase 
in  pathogenicity  which  sometimes  results 
from  the  passage  of  a  culture  through  a  liv- 
ing host. 

Mutation  for  sex  may  occur  in  some 
heterothallic    fungi.      Certain   mutants    of 
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Ustilago  zeae,  for  example,  lost  their  ability 
to  combine  with  certain  lines  of  an  opposite 
sex,  but  retained  their  ability  to  combine 
with  others  (Stakman  et  al.  1929).  It  is 
entirely  possible,  therefore,  that  apparent 
loss  of  pathogenicity  in  some  heterothallic 
fungi  may  sometimes  be  due  to  loss  of  fac- 
tors for  sex  rather  than  of  factors  for  patho- 
genicity as  such. 

Stability  of  Mutants 

There  are  various  degrees  of  stability  of 
mutants.  Many  are  as  unstable  as  their 
parents  and  continue  to  give  rise  to  numer- 
ous mutants  in  every  cultural  generation. 
Others  remain  constant  for  a  few  genera- 
tions and  then  occasionally  produce  a 
mutant;  still  others  are  quite  stable  and 
mutate  rarely  or  not  at  all.  Mutants  of 
Helmmthosporium  sativum  and  their  paren- 
tal types  have  been  grown  side  by  side  in 
the  same  petri  dishes  and  have  retained 
their  distinctive  characters.  Some  have 
been  transferred  repeatedly  on  various  nu- 
trient media  for  a  period  of  years,  and  have 
remained  as  distinct  in  cultural  characters 
as  they  were  the  day  they  were  originally 
isolated  (Christensen  1929).  Studies  on  the 
stability  of  mutants  of  Ustilago  zeae  over  a 
period  of  years  have  given  similar  results 
(Stakman^  al.  1933). 

All  sectors,  especially  those  that  occur  on 
margins  of  old  colonies,  are  not  necessarily 
mutants.  On  subculturing,  such  sectors 
may  revert  to  the  parental  type  and  are  com- 
monly termed  " false  sectors' '  (Vasudeva 
1930).  It  is  not  surprising  that  reversions 
have  often  been  reported,  for  the  genetic 
purity  of  variants  has  not  always  been  estab- 
lished. Sectors  are  not  necessarily  pure  for 
type  because  mutants  may  grow  either  over 
or  under  the  parent,  and  subcultures  from 
such  sectors  may  consist  of  the  mutant  plus 
the  parental  line.  There  is  considerable  evi- 
dence which  indicates  that  true  reversions 
do  occur,  and  there  is  no  reason  why  they 
should  not. 

The  stability  of  mutants  of  Helmintho- 
sporium  sativum  also  has  been  determined 
on  living  hosts  (Christensen  1929).  The 
cultural  characters  of  the  variants  which 


were  passed  through  the  host,  with  one  ex- 
ception, remained  unchanged.  Their  so- 
journ on  the  living  host  did  not  change 
their  pathogenicity.  Obviously,  mutation  of 
cultural  characters  in  H.  sativum  may  occur 
on  the  living  host,  and  there  is  no  valid 
reason  why  mutation  for  virulence  also 
should  not  occur  there.  There  is  need  for 
critical  experiments  on  the  effects  of  passing 
pathogens  through  living  hosts. 

Factors  Affecting  Mutation 

Numerous  tests  with  many  fungi  indicate 
that  frequency  of  mutation  can  be  altered 
profoundly  by  such  environmental  factors 
as  temperature,  light,  nutrients,  hydrogen- 
ion  concentration,  and  addition  of  chemicals 
and  toxic  materials  to  the  substrate. 

The  concentration  and  the  kind  of  nu- 
trient used  are  of  great  importance  in  induc- 
ing mutation.  Certain  fungi  seldom  mutate 
when  grown  on  ordinary  potato-dextrose 
agar,  but  mutate  readily  on  special  media 
(Brown  1926 ;  Christensen  1926 ;  Das  Gupta 
1936;  Stakman  et  al.  1929).  Some  species 
of  Helmmthosporium  and  Fusarium  may 
produce  many  mutants  on  one  medium, 
while  others  on  that  same  medium  do  not 
mutate.  On  a  second  medium  the  tend- 
ency of  the  species  to  mutate  may  be  the 
opposite.  The  same  relationship  may  exist 
among  races  of  fungi  within  a  species  or 
mutants  derived  from  a  given  race  (Brown 
1926;  Christensen  1929,  1932;  Stakman  et 
al.  1929). 

The  addition  of  certain  salts  and  anti- 
septics to  nutrient  media  is  known  to  stimu- 
late the  production  of  variants  (Dimock 
1936 ;  Galloway  1933 ;  Sibilia  1934 ;  Stakman 
et  al.  1929).  Recently  it  has  been  found 
that  the  addition  of  New  Improved  Ceresan 
(ethyl  mercury  phosphate)  at  the  rate  of  4 
parts  per  million  to  potato-dextrose  agar 
increased  the  frequency  of  mutation  in  cer- 
tain lines  of  Helmmthosporium  sativum  but 
did  not  stimulate  mutation  in  about  20  other 
fungi. 

Several  workers  have  been  able  to  induce 
variation  by  exposing  fungus  cultures  and 
spores  to  high  temperatures;  thus,  the 
stability  of  Helmmthosporium  sativum  and 
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Ustilago  zeae  was  greatly  modified  by  tem- 
perature, cultures  being  unstable  at  high 
temperatures  and  stable  at  low  temperatures 
(Christensen  1929;  Mitra  1931;  Stakman  et 
al.  1929).  Eurotium  herbariorum  (Wigg.) 
Lk.  well  exemplifies  a  fungus  from  which 
numerous  variants  have  been  obtained  as  a 
result  of  exposing  its  spores  to  high  tem- 
peratures (Barnes  1928,  1936). 

Ultraviolet  rays,  X-rays,  and  radium 
radiation  have  been  used  successfully  for 
inducing  mutation.  Some  fungi  respond 
readily  to  one  or  more  of  these  treatments, 
while  others  do  not  (Das  Gupta  1936 ;  Dick- 
son 1932,  1933;  Greaney  and  Machacek, 
1933). 

Staling  products  from  fungi  or  bacteria 
may  inhibit  or  induce  mutation.  Brown 
(1926)  concluded  that  the  presence  of  a 
staling  product  in  a  medium  which  mate- 
rially retarded  growth  reduced  the  fre- 
quency of  mutation.  It  has  been  known 
for  some  time  that  certain  bacteria  are 
decidedly  antibiotic  to  Helminthosporium 
(Porter  1924).  Recently  it  has  been  shown 
that  Bacillus  mesentericus  (Fliigge)  Migula 
not  only  retards  growth  of  H.  sativum  but 
stimulates  the  production  of  mutants  (Chris- 
tensen and  Davies  1937).  Thus,  the  addi- 
tion of  1  or  2  per  cent  of  a  dead  broth  cul- 
ture of  B.  mesentericus  to  potato-dextrose 
agar  greatly  increased  the  frequency  of 
mutation  and  the  type  of  mutant  produced. 
On  the  staled  medium,  many  isolates  of  H. 
sativum  produced  from  1  to  5  variants  per 
colony  and  some  developed  many  more, 
10-15  per  colony  being  not  uncommon. 
These  induced  variants  differed  not  only  in 
cultural  characters,  but  also  in  physiological 
characters,  such  as  tolerance  to  dyes  and  to 
the  bacterial  toxins.  In  fact,  it  was  pos- 
sible to  select  lines  that  grew  normally  at  a 
far  higher  concentration  of  a  toxic  bacterial 
product  than  their  parents.  Some,  however, 
were  much  more  sensitive  to  it.  Additional 
proof  that  these  induced  changes  were 
genetic,  rather  than  mere  modifications,  is 
indicated  by  changes  in  parasitism.  Some 
of  the  mutants  were  more  virulent  than 
their  parents,  others  were  less  virulent,  and 
still  others  were  non-pathogenic. 

The  results  of  various  tests  indicate  that 


certain  fungi  may  not  mutate  under  ordi- 
nary laboratory  conditions  but  may  do  so 
freely  when  subjected  to  special  stimuli.  No 
generalization,  however,  can  safely  be  made 
with  respect  to  the  action  of  these  stimuli  in 
inducing  mutation.  The  effect  of  certain 
stimuli  may  be  specific  for  different  species 
of  fungi  and  even  for  biotypes  within  a 
species.  For  example,  products  of  bacterial 
growth  may  stimulate  certain  lines  of  Hel- 
minthosporium to  mutate  freely  but  may  be 
without  effect  on  others. 

Conclusions 

It  seems  reasonable  to  conclude  that  vari- 
ants, which  are  the  result  of  genetic  changes 
and  are  not  mere  modifications — tempo- 
rary phenotypes  or  Dauermodifikationen 
— induced  by  environmental  factors,  arise 
in  culture  and  in  the  host.  It  is  likely  that 
some  variants  recorded  in  the  literature  are 
the  result  of  segregation  from  a  sexual  spore 
or  dissociation  of  biotypes  from  a  hetero- 
caryotic  race.  Because  of  the  minuteness  of 
nuclei,  the  chromosomal  behavior  is  difficult 
to  study.  As  a  consequence,  the  exact 
nature  of  the  change  or  changes  remains 
obscure,  but  there  is  considerable  circum- 
stantial evidence  that  indicates  some  nuclear 
change:  the  production  of  many  different 
types  from  a  single  monosporous  line,  espe- 
cially from  one  derived  from  a  haploid  uni- 
nucleate cell ;  the  stability  of  these  variants 
on  different  nutrients  over  a  period  of  years 
and  on  living  hosts ;  and  their  breeding  be- 
havior. The  best  proof  of  a  genetic  change 
is  hybridization  and  a  study  of  the  progeny. 
Such  studies  are  not  possible  with  imperfect 
fungi,  but  they  are  possible  with  mutants 
arising  in  heterothallic  lines.  Hybridization 
of  variants  in  Ustilago  zeae  has  proved  that 
new  characters  are  inherited  through  the 
sexual  stage  (Christensen  1932;  Stakman 
etal.  1929). 

Heterothallic  fungi,  especially  the  smuts, 
are  desirable  material  for  the  study  of  muta- 
tion because  they  can  be  grown  under  ex- 
treme conditions  and  under  very  exact 
environments,  and  because,  under  these  con- 
ditions, even  minute  changes  can  be  detected 
readily.  Also,  many  asexual  and  sexual  gen- 
erations of  large  populations  can  be  grown 
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in  a  relatively  short  period  of  time  and  in  a 
small  space.  Moreover,  mutants  can  be 
readily  crossed  and  the  progeny  studied  in 
the  laboratory,  greenhouse,  or  field.  Their 
use  as  laboratory  material  for  the  study  of 
mutation  in  fungi  may  add  much  to  our 
knowledge  of  fundamental  genetics  and  to 
the  understanding  of  evolution. 
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SUMMARY 

By  E.  C.  STAKMAN 


Viruses  and  species  of  micro-organisms 
pathogenic  to  animals  and  plants  commonly 
comprise  several  or  many  types,  strains,  bio- 
types,  or  races  that  may  differ  in  patho- 
genicity and  in  morphologic  or  physiologic 
characters. 

Specific  virus  diseases  of  animals,  such  as 
foot  and  mouth  disease,  South  African  horse 
sickness,  and  equine  encephalomyelitis,  are 
caused  by  immunologically  distinct  types  or 
strains;  and  there  also  are  closely  related 
strains  of  plant  viruses.  Likewise,  it  has 
long  been  known  that  there  are  many  strains 
of  bacteria  that  cause  animal  diseases;  and 
races  of  micro-organisms  that  cause  plant 
diseases  have  been  recognized  for  so  long 
that  their  existence  is  taken  for  granted 
and  scarcely  requires  further  discussion. 
Within  species  of  protozoa  parasitic  to  ani- 
mals there  also  are  strains  that  may  differ 
in  structural  and  physiologic  characters. 
Many  species  of  fungi  that  cause  plant  dis- 
eases comprise  a  great  many  biotypes  or 
groups  of  biotypes  that  may  differ  in  cul- 
tural characters  on  artificial  media,  in 
morphology,  in  physiologic  characters,  and 
in  pathogenicity. 

The  data  given  in  the  papers  of  this  series 
clearly  show  that  many  or  most  species  of 
pathogenic  organisms,  whether  belonging  to 
the  animal  or  plant  kingdom,  are  a  com- 
posite of  several  or  many  " types/ '  "bio- 
types," or  "strains."  If  the  term  biotype 
is  defined  as  "all  individuals  with  identical 
genetic  constitution,"  its  use  should  perhaps 
be  limited  to  theoretical  considerations  and 
to  those  cases  in  which  the  facts  are  suffi- 
ciently well  known  to  justify  its  use  in  con- 
nection with  a  "line,"  "type,"  "strain," 
or  "race."  As  the  term  race  connotes  simi- 
larity of  origin  and  essential  similarity  of 
appearance  and  behavior,  perhaps  it  is  one 
of  the  most  suitable  of  those  commonly  used 
to  designate  the  recognizable  components  of 
a  variety  or  species.    However,  usage  varies 


in  the  different  fields,  and,  regardless  of  the 
terms  used,  the  fact  stands  out  clearly  that 
investigators  of  virtually  all  kinds  of  patho- 
genic organisms  realize  the  importance  of 
races  or  strains  within  a  species.  Obviously, 
all  races  within  the  species  must  have  one 
or  more  distinctive  characters  in  common; 
otherwise  they  would  not  belong  properly  in 
the  same  species.  On  the  other  hand,  they 
may  differ  so  profoundly  in  characters 
affecting  pathogenicity,  epidemiology,  and 
therapy  that  information  regarding  their 
identity,  their  behavior,  and  their  origin 
is  of  paramount  importance  in  understand- 
ing and  controlling  diseases. 

It  is  of  course  important  to  know  the 
races  within  a  species.  In  animal  and 
human  pathology  the  differences  in  viru- 
lence and  antigenic  properties  are  of  great 
importance  in  understanding  epizootics  and 
epidemics  and  in  the  preparation  of  immune 
sera.  For  example,  recovery  from  a  specific 
virus  infection  in  animals  often  is  accom- 
panied by  a  certain  degree  of  immunity 
against  reinfection,  but  if  there  are  several 
strains  protection  is  against  only  one  strain 
and  slight  or  partial  against  other  strains 
of  the  same  group.  In  human  diseases,  too, 
methods  of  immunization  and  diagnosis 
must  take  into  consideration  strain  or  race 
differences.  In  the  preparation  of  vaccines 
against  diseases  caused  by  the  typhoid  and 
paratyphoid  bacteria  and  other  members  of 
this  group  it  is  necessary  to  take  into 
consideration  the  complex  antigenic  com- 
position due  to  the  occurrence  of  strains. 
Similarly,  in  preparing  antisera  against 
pneumococci  and  meningococci  the  existence 
of  strains  and  the  limits  within  which  they 
vary  constitute  an  important  problem. 

The  existence  of  numerous  races  of  plant 
pathogens  complicates  the  problem  of  devel- 
oping resistant  varieties  of  crop  plants.  A 
variety  may  be  highly  resistant  to  certain 
races  of  a  pathogenic  fungus,  for  example, 
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and  completely  susceptible  to  others.  It  is 
known  that  the  prevalence  and  distribution 
of  these  races  may  vary  with  the  season  and 
with  the  region  or  locality.  Therefore  a 
given  variety  may  be  resistant  in  one  region 
and  susceptible  in  another  in  the  same  year ; 
or  it  may  be  either  susceptible  or  resistant 
in  the  same  locality  in  different  years,  de- 
pending on  the  prevalence  of  certain  races 
of  the  pathogen.  This  is  so  well  known  with 
respect  to  the  extremely  destructive  stem 
rust  of  wheat  and  other  destructive  diseases 
that  many  plant  breeders  now  create  artifi- 
cial epidemics  in  their  breeding  nurseries  by 
inoculating  with  all  available  races  of  the 
pathogen.  If  this  is  not  done,  resistant 
varieties  may  ' '  lose  their  resistance, ' '  as  has 
often  been  true  in  the  past,  because  the  new 
variety  is  susceptible  to  one  or  several  para- 
sitic races  of  the  pathogen  against  which  it 
had  not  been  tested  in  the  process  of  its 
production.  It  is  known  also  that  the  sever- 
ity of  rust  epidemics  in  given  regions  de- 
pends on  the  interaction  between  particular 
races  of  the  pathogen,  particular  varieties  of 
crop  plants,  and  the  complex  effects  of 
environmental  factors  on  both  and  on  the 
interactions  between  them. 

The  existence  of  so  many  strains  or  races 
within  species  of  pathogenic  organisms  is 
important  enough  in  itself.  It  means  that 
in  controlling  diseases  by  immunization  (in 
plants  by  the  production  of  resistant  varie- 
ties) one  often  is  confronted  with  many 
pathogens,  not  with  one.  But  the  situation 
is  complicated  still  further  because  the 
strains  themselves  may  vary  in  important 
characters  or  entirely  new  strains  may  arise. 
Therefore  one  of  the  most  fundamental  and 
important  problems  in  connection  with  the 
diseases  caused  by  pathogens,  including 
viruses,  is  to  learn  how  many  strains  there 
are,  how  much  they  can  vary  phenotypically 
and  genotypically,  and  whether  new  strains 
come  into  existence  through  adaptation, 
mutation,  and  hybridization. 

The  problem  of  variation  in  its  broadest 
sense  is  essentially  the  problem  of  the  genet- 
ics of  pathogenic  micro-organisms.  And  the 
question  how  much  a  given  line  can  vary, 
whether  new  strains  or  races  arise  as  a  result 


of  adaptation  to  a  new  environment,  or 
whether  they  arise  fortuitously  is  very  im- 
portant. It  is  evident  from  the  papers  in 
this  symposium  that  further  attempts  must 
be  made  to  distinguish  between  phenotypic 
variability  and  genetic  variation. 

It  is  quite  clear  that  there  is  conflicting 
evidence  regarding  the  nature  of  variation 
in  pathogens.  In  general,  students  of  micro- 
organisms pathogenic  to  animals  have  ad- 
duced evidence  for  adaptation  and  the  pos- 
sible origin  of  temporary,  semipermanent, 
or  permanent  strains  in  this  way.  Plant 
pathologists,  on  the  other  hand,  emphasize 
the  origin  of  new  biotypes  as  a  result  of 
mutation  and  hybridization,  with  the  en- 
vironment exerting  merely  a  selective  effect, 
except  as  certain  environmental  factors  may 
stimulate  mutation.  Possibly  fundamental 
differences  in  the  two  groups  of  pathogens 
and  hosts  account  for  the  differences  in  view- 
points. Certainly  higher  animals  and  higher 
plants  react  differently  to  infection,  the  de- 
fensive mechanisms  apparently  being  quite 
different.  Probably  the  most  important 
difference  is  the  ability  of  animals  to  pro- 
duce specific  antibodies,  while  plants  appar- 
ently either  produce  them  less  readily  or  not 
at  all.  It  is  true  that  many  investigators  of 
plant  diseases  claim  the  existence  of  anti- 
bodies of  various  kinds,  but  the  evidence 
does  not  seem  unimpeachable.  There  is  rela- 
tively meager  evidence  only  that  disease 
attack  in  plants  confers  immunity  against 
subsequent  attacks.  The  importance  of  such 
a  difference  in  serial  passages  and  similar 
procedures  is  obvious.  It  might  be  expected 
that  the  pathogenic  viruses,  bacteria,  and 
fungi,  however,  would  be  essentially  alike 
with  respect  to  genetic  behavior,  regardless 
of  whether  they  attack  animals  or  plants, 
except  insofar  as  specific  antibodies  in  ani- 
mals might  affect  them  more  than  any  spe- 
cific substances  in  plants.  Protozoa  may 
become  resistant  to  the  defense  mechanisms 
(antibodies)  of  their  animal  host.  The 
acquisition  of  antibody  resistance  is  associ- 
ated with  a  variation  in  antigenic  composi- 
tion of  the  parasite. 

It  has  been  pointed  out  in  several  papers 
that  lines   of  pathogens  used  for   genetic 


SUMMARY 


85 


studies  should  originate  from  single  cells  or 
single  individuals  of  known  nuclear  condi- 
tion to  be  sure  that  apparent  changes  are 
not  due  to  the  selective  effect  of  environment 
on  a  mixture  of  strains.     The  importance 
of  knowing  the  genetic  constitution  of  the 
host,    the    experimental    animals    or    host 
plants,   also   is    evident.      In   this    respect 
plants  are  more  suitable  for  experimentation 
than  animals,  because  selfing  is  possible  and 
relative  homozygosity  is  more  readily  at- 
tained.    Furthermore,  many  plants  can  be 
propagated  vegetatively,  so  that  all  indi- 
viduals of  the  resulting  clon  are  genetically 
alike,    unless    mutation    occurs.      Among 
higher  animals,  on  the  other  hand,  sexual 
reproduction  is  the  only  method  of  repro- 
duction, and,  unless  inbreeding  is  practiced, 
the  resulting  populations  are  likely  to  be 
very  heterogeneous.     It  is  generally  recog- 
nized by  investigators  of  the   genetics  of 
plant  pathogens  that  genotypic  uniformity 
of  the  experimental  host  material  is  as  essen- 
tial as  that  of  the  pathogen  in  order  to 
interpret  results  correctly.     The  paper  by 
Taliaferro  and  Huff  in  this  series  emphasizes 
the  need  of  more  precise  information  regard- 
ing  experimental   animals   also   and   Huff 
cites  data  supporting  this  view. 

There  are  four  principal  methods  by 
which  changes  in  strains  of  pathogens  might 
occur:  (1)  Assortment  of  biotypes  from  an 
originally  composite  strain — one  comprising 
several  biotypes  or  potential  biotypes;  (2) 
temporary,  semipermanent  or  permanent 
change  due  to  environment,  including  par- 
ticular hosts ;  (3)  mutation;  (4)  recombina- 
tions resulting  from  hybridization,  including 
crossing  between  biotypes  within  a  species. 
That  some  of  the  supposed  change  in  viru- 
lence of  certain  pathogenic  organisms  is  not 
real  change  in  virulence  at  all  but  merely 
apparent  change  due  to  population  shifts 
within  a  strain  comprising  several  biotypes 
is  very  clear  from  studies  with  certain  plant- 
pathogenic  fungi,  notably  smut  fungi.  A 
few  years  ago  the  ultimate  in  refinement  of 
technic  was  supposed  to  have  been  attained 
when  lines  were  derived  from  single  spores. 
It  is  now  known,  however,  that  the  ordinary 
smut  spore  (chlamydospore)  has  a  diploid 


nucleus;  hence,  when  the  spore  germinates 
and  produces  a  promycelium  that  in  turn 
produces  four  haploid  sporidia,  as  is  true 
of    many    smut    fungi,    all    four    may    be 
different  in  observable  characters,  includ- 
ing sex  and  pathogenicity.    Naturally,  then, 
changes   in  pathogenicity  may   appear   to 
have   occurred  in  serial  passages  through 
several  varieties  of  host  plants.    The  appar- 
ent change,  however,  is  due  only  to  the 
selective  effect  of  the  host  plants  on  two  or 
more  biotypes  that  differ  in  pathogenicity 
on  the  varieties  of  host  plants.     Similarly, 
when  several  varieties  of  wheat  are  inocu- 
lated with  field  collections  of  the  wheat  stem 
rust  fungus,  Puccinia  graminis  tritici,  cer- 
tain of  the  varieties  may  become  heavily 
rusted  while  only  a  few  pustules  appear  on 
others.      When   transfers    are   made   from 
these  few  pustules  to  the  apparently  resis- 
tant varieties  heavy  infection  may  result, 
and  it  appears  that  the  virulence  of  the  rust 
has  increased.     It  has  been  shown  conclu- 
sively, however,  that  this  is  not  true,  but 
that   the   original   rust   comprised   several 
races,  each  of  which  remains  constant  when 
isolated   in  pure   form.     Experience  with 
such  pathogenic  fungi  as  the  smuts  and 
rusts  in  which  the  genetic  status  of  single- 
spore  lines  can  be  determined  makes  it  ad- 
visable to  be  cautious  in  interpreting  changes 
in  pathogenicity.     Several  years  ago  there 
appeared  to  be  considerable  evidence  that 
decided  changes  in  virulence  might  occur 
and  that  plant  pathogens  could  adapt  them- 
selves easily  to  resistant  or  semi-resistant 
hosts.     Subsequent  investigations,  however, 
have  shown  that  this  conclusion  was  errone- 
ous, in  most  cases  at  least,  as  the  apparent 
adaptation  was  due  to  the  presence  of  sev- 
eral races  in  the  original  inoculum.     Like- 
wise, it  was  originally  thought  that  sapro- 
phytic species  of  Actinomyces  in  the  soil  and 
on  grass  became  pathogenic  to  animals  after 
entering  the  body.     Careful  investigations, 
however,  indicate  that  this  is  not  true.    That 
changes  in  virulence  of  pathogenic  micro- 
organisms occur  is  clear ;  but  the  magnitude 
and  permanence  of  the  change  in  a  single 
pure  line  or  biotype  requires  further  inves- 
tigation. 
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Studies  by  Watson  presented  in  the  second 
paper  indicate  change  in  the  virus  causing 
distemper  of  certain  animals.  Strains  origi- 
nally obtained  from  fox,  mink,  and  dog 
appeared  slightly  different  in  infectivity 
and  pathogenicity  at  first,  but  no  differ- 
ences were  observable  after  serial  passage 
in  ferrets,  for  which  they  are  very  virulent, 
following  which  they  appear  to  have  lost 
much  of  their  virulence  for  dogs  and  foxes, 
the  original  hosts.  There  is  evidence  from 
this  and  other  investigations  that  animal 
viruses  may  adapt  themselves  to  new  hosts 
or  to  new  environments  in  the  same  host 
(such  as  change  from  viscerotropic  to  neuro- 
tropic types  in  the  virus  of  South  African 
horse  sickness  and  in  that  of  yellow  fever  in 
man)  as  a  result  of  intercranial  passages  in 
white  mice,  without  resuming  their  original 
character  when  reintroduced  into  the  origi- 
nal host  or  environment.  If  the  original 
virus  was  pure  in  a  genetic  sense,  the  results 
must  be  interpreted  as  indicating  that  the 
environment  caused  an  irreversible  change, 
the  production  of  a  new  strain.  The  diffi- 
culty or  impossibility  of  assuring  the  "  ge- 
netic purity7'  of  a  virus  is,  of  course, 
obvious.  Possibly  further  light  on  the  prob- 
able nature  of  such  changes  in  viruses  is 
furnished  by  experiments  on  changes  in 
tobacco-mosaic  virus. 

Kunkel  has  shown  in  his  paper  that  when 
a  large  dose  of  virus  is  used  for  serial  inocu- 
lations of  tobacco  plants,  the  disease  remains 
the  same,  regardless  of  the  number  of  trans- 
fers. If  a  minimal  infective  dose  is  used 
at  each  transfer,  however,  the  tobacco  mosaic 
virus  will  eventually  be  lost  and  a  patho- 
genically  different  but  closely  related  virus 
will  be  obtained.  That  some  type  of  varia- 
tion comparable  with  genetic  variation  ac- 
counts for  the  change  appears  probable  from 
the  following :  Local  lesions  appear  on  leaves 
of  Nicotiana  glutinosa  L.  inoculated  with  a 
proper  dilution  of  virus  from  a  tobacco  plant 
showing  typical  mosaic  symptoms  following 
inoculation  with  tobacco  mosaic  virus  only. 
If  healthy  tobacco  plants  are  then  inoculated 
with  virus  obtained  from  the  individual 
lesions  on  N.  glutinosa,  from  0.5  to  2  per 
cent  of  the  plants  develop  a  disease  that  is 


distinct  from  tobacco  mosaic.  Apparently, 
than,  a  small  percentage  of  the  virus  par- 
ticles are  different  from  those  causing  typi- 
cal tobacco  mosaic  and  may  be  termed 
variants,  130  of  which  have  been  obtained. 
The  evidence  seems  to  indicate  that  the  great 
majority  of  new  virus  particles  produced  in 
the  host  plants  are  like  their  "  parents/ '  but 
a  few  are  different.  The  small  population 
of  variants  appears  to  be  overgrown  and 
suppressed  by  the  large  population  of  the 
original  virus  unless  methods  such  as  the 
above  are  used  to  isolate  them  and  permit 
their  development  free  from  the  unequal 
competition  with  the  vastly  larger  numbers 
of  the  original  virus.  This  interpretation 
is  supported  by  observations  on  fungi,  where 
circumstantial  evidence  can  be  confirmed  by 
direct  evidence.  The  variants  may  again 
vary  in  the  same  manner  as  the  original 
virus,  but  it  is  significant  that  the  "  parental 
type"  can  always  be  maintained  and  that 
the  variants  may  be  either  more  or  less  viru- 
lent than  the  "parents." 

Although  species  of  bacteria  pathogenic 
to  animals  may  remain  stable  through  thou- 
sands of  generations  in  the  laboratory  or  in 
the  animal  body,  most,  if  not  all,  sometimes 
undergo  variation.  The  most  commonly 
observed  type  of  variation  is  the  change 
from  Smooth  to  Bough  colony  form,  often 
with  changes  in  virulence,  antigenic  com- 
position, cell  morphology,  sensitivity  to  bac- 
teriophage, and  hydrophobe  or  hydrophile 
properties.  The  change  from  S  to  R  occurs 
readily  in  many  species,  but  reversion,  or 
R  to  S,  is  rare.  The  variants  often  are  very 
stable.  As  change  in  antigenic  composition 
often  occurs,  the  importance  of  this  type  of 
variation  is  evident.  Perhaps  one  of  the 
best  known  R  variants  is  the  so-called  BCG, 
obtained  by  Calmette  et  al.  from  an  old 
culture  of  tubercle  bacilli  and  probably  an 
R  variant  from  the  normal  type.  BCG  is 
low  in  virulence  and  there  is  evidence  that 
it  lacks  an  antigenic  component  present  in 
normally  virulent  tubercle  bacilli;  hence  it 
appears  to  be  unsuitable  for  immunizing 
purposes,  as  was  originally  claimed.  Fur- 
thermore, some  investigators  have  obtained 
normally  virulent  S  variants  from  BCG  and 
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have  then  attenuated  the  variant  to  the  level 
of  BCG.  Whether  this  means  that  genetic 
variation  has  occurred  or  that  there  has  been 
merely  temporary  modification  is  not  yet 
clear.  However,  the  tentative  explanation 
offered  by  Konst  in  his  paper  seems  reason- 
able in  the  light  of  results  obtained  with 
fungi.  He  states  "There  is  no  direct  evi- 
dence to  explain  these  cycles,  but  the  follow- 
ing suggestion  seems  worth  making.  The 
avirulent  strain  BCG  is  so  unstable  that  it 
produces  virulent  Smooth  types  (Reed,  Orr, 
and  Rice  1934).  These  Smooth  types  be- 
came predominant  when  Watson  injected 
the  mixed  cultures  into  guinea  pigs  and 
consequently  were  reisolated  as  the  prevalent 
type.  However,  such  Smooth  types  are 
known  to  be  unstable,  and  during  the  pro- 
longed incubation  in  culture  they  produced 
attenuated  strains  that  gradually  replaced 
the  virulent  type.,, 

On  the  other  hand,  it  is  suggested  from 
the  work  with  pneumococci  reported  by 
Reed  in  his  paper  that  variants  from  one 
type  may  be  induced  to  assume  the  charac- 
ter of  another  type  if  grown  in  a  menstruum 
containing  the  specific  polysaccharide  char- 
acteristic of  the  latter ;  and  that  the  newly 
acquired  character  is  passed  on  from  gen- 
eration to  generation.  Is  this  a  directive 
influence  of  the  environment  or  is  it  a  selec- 
tive influence  on  cultures  comprising  several 
biotypes?  This  question  can  be  answered 
satisfactorily  only  by  rigidly  controlled  in- 
vestigations on  the  behavior  of  lines  of  bac- 
teria derived  from  single  organisms. 

That  bacterial  cultures  derived  from 
single  cells  can  be  attenuated  is  shown  by 
Riker 's  work  with  Phytomonas  tumefaciens 
(Smith  and  Town.)  Bergey  et  al.,  the  organ- 
ism causing  crown  gall  in  plants  (paper  by 
Riker).  A  single-cell  culture  that  had  been 
constant  in  pathogenicity  for  10  years  be- 
came attenuated  by  10  to  20  successive 
transfers  in  glycine  and  related  compounds 
but  were  restored  to  full  virulence  by  cul- 
tivation on  routine  yeast-infusion-sugar 
media.  In  this  case,  therefore,  the  change 
was  reversible  and  in  the  nature  of  pheno- 
typic  variability  rather  than  genetic  varia- 
tion.   As  Riker  says,  "The  original  purity 


of  a  bacterial  culture  is  essential  for  studies 
on  variations.  In  some  cases  the  changes  in 
virulence  discussed  appear  gradually,  indi- 
cating that  cultures  can  be  'educated.'  In 
others,  these  changes  appear  to  be  relatively 
sudden  and  complete.  Both  kinds  of  change 
suggest  'genetic'  problems  of  scientific  in- 
terest and  basic  importance  which,  when 
solved,  will  doubtless  have  valuable  biologi- 
cal applications.  Since  pathogenicity  must 
be  defined  in  terms  of  the  susceptibility  of 
the  host,  a  concept  of  variation  in  the  dis- 
ease-producing ability  of  bacteria  must  con- 
sider not  only  the  genetic  constitution  but 
also  the  physiological  condition  and  the 
environment  of  the  host. ' ' 

Protozoa  parasitic  to  animals  are  reported 
to  be  modified  considerably  by  environmen- 
tal factors.     Thus,  there  is  evidence  that 
trypanosomes  may  acquire  antibody  resis- 
tance, that  they  change  in  antigenic  compo- 
sition, and  that  the  acquired  characters  may 
be  transmitted  through  many  asexual  gen- 
erations.     Similarly,   they   are   known   to 
develop  resistance  to  drugs ;  if  treated  with 
repeated   subcurative   doses,   the   parasites 
may  become  resistant  to  larger  doses  than 
are  ordinarily  required  to  cure.    Free-living 
forms,  such  as  Paramecium,  also  acquire 
resistance  to  various   chemicals  and  may 
retain     the     newly     acquired     character 
through  many  asexual   generations,   even- 
tually losing  it  if  grown  on  media  free  of 
the  specific  chemical,  and  losing  it  promptly 
when  sexual  reproduction   occurs    (Paper 
No.7 ) .  Clearly,  this  ability  to  develop  Dauer- 
modifikationen,  or  persistent  modifications, 
is  very  important  in  enabling  the  parasites 
to  overcome  the  defensive  mechanisms  of  the 
host  and  to  survive,  but  the  nature  of  the 
change  is  still  unknown.    It  is  well  known 
that  there  may  be  many  races  or  strains 
within  species  of  protozoa.     Furthermore, 
it  seems  significant  that  a  large  proportion 
of  the  population  is  killed  when  first  brought 
into    contact   with   immune    sera    or   with 
poisons.    This  has  led  some  investigators  to 
postulate  the  existence  of  several  biotypes 
or   strains   in   the   original   population   of 
parasites,  with  the  elimination  of  all  but 
the  resistant  ones.    If  this  is  true,  however, 
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why  should  the  new  characters  be  lost  even- 
tually ?  And  if  a  gene  change  accounts  for 
the  new  character,  why  should  conjugation 
result  in  its  loss?  Various  animals  have 
developed  defense  mechanisms  against  in- 
vading parasites  and  non-infectious  foreign 
materials;  it  is  not  surprising  that  animal 
parasites  also  should  have  this  ability.  The 
transmission  of  a  temporary  character  to 
hundreds  of  generations  of  asexually  pro- 
duced offspring,  however,  is  more  difficult  to 
understand,  as  is  the  loss  of  the  character 
in  sexual  reproduction.  As  pointed  out  by 
Taliaferro  and  Huff  in  their  paper,  almost 
all  physiologic  characters  of  parasitic  pro- 
tozoa are  more  or  less  dependent  on  their 
environment,  the  living  host ;  therefore,  the 
genetic  constitution  of  the  host  must  be  con- 
sidered in  studies  on  the  genetics  of  the 
parasites.  Possibly  too  much  trust  has  been 
placed  in  what  a  clon  is  supposed  to  repre- 
sent. As  a  clon  is  a  population  of  organisms 
derived  by  aexual  propagation  from  a  single 
individual,  the  implication  is  that  all  of  the 
individuals  should  be  alike,  barring  muta- 
tions resulting  from  chromosomal  aberra- 
tions or  gene  changes.  But  the  reservation 
"  barring  mutations  ..."  is  sometimes  of 
the  greatest  importance.  For  example,  cer- 
tain haploid,  unisexual  clons  of  some  smut 
fungi  derived  from  single  cells  may  within 
a  few  months  comprise  hundreds  of  biotypes 
differing  in  virtually  every  recognizable 
character. 

In  any  case,  it  is  important  to  learn 
whether  protozoa  and  other  pathogenic  or- 
ganisms can  readily  change  in  such  ways 
as  to  nullify  control  measures  or  whether 
different  measures  must  be  taken  against 
genetically  different  races. 

There  is  now  very  little  evidence  that 
plant  pathogenic  bacteria  and  fungi  can 
adapt  themselves  to  new  hosts  and  new 
environments,  unless  the  species  comprises 
biotypes  or  produces  new  ones  with  the 
necessary  genes.  It  is  worthy  of  emphasis 
that  25  years  ago  the  connotation  of  adapta- 
tion and  "bridging  hosts"  was  accepted  as 
unquestioned  fact.  But  the  word  species 
now  has  mostly  symbolic  meaning  in  plant 
pathology.    A  species  is  a  group  of  biotypes 


that  can  be  distinguished  with  reasonable 
facility  and  certainty,  almost  exclusively  by 
morphologic  characters,  from  other  groups 
of  biotypes.  As  far  as  now  known,  the  fact 
that  the  species  comprises  many  biotypes 
instead  of  one  and  that  it  is  a  varying  con- 
cept rather  than  a  fixed  entity  may  have 
relatively  little  practical  significance  in  the 
case  of  those  diseases  that  are  controlled  by 
chemical  treatment,  such  as  seed  or  soil  dis- 
infection and  spraying  or  dusting,  although 
there  are  indications  that  biotypes  within  a 
species  may  in  fact  differ  in  their  resistance 
to  fungicides.  The  situation  is  much  more 
serious,  however,  in  connection  with  con- 
trolling plant  diseases  by  growing  resistant 
varieties. 

Variability  in  the  resistance  of  varieties 
of  crop  plants  has  been  observed  for  many 
years.  Varieties  that  appeared  to  be  im- 
mune for  a  time  lost  their  resistance  in 
certain  regions  or  in  certain  seasons.  Vari- 
ous explanations  were  offered,  one  of  which 
was  that  the  pathogen  adapted  itself  to  the 
variety.  Experiments  were  made  to  test  the 
theory  and  the  results  apparently  proved  it 
to  be  correct.  But  these  early  investigators 
did  not  realize  several  basic  facts :  1.  A  spe- 
cies of  pathogenic  fungus  may  comprise  an 
indefinite  number  of  morphologically  indis- 
tinguishable races  that  differ  profoundly  in 
parasitism ;  2.  A  variety  of  crop  plant  may 
consist  of  a  morphologically  homogenous 
but  physiologically  heterogeneous  popula- 
tion. This  is  particularly  true  of  cross  pol- 
linated plants  such  as  corn  and  rye,  but  it 
is  true  also  of  some  predominantly  self 
pollinated  plants,  such  as  flax.  The  indi- 
vidual plants,  then,  may  vary  greatly  in 
resistance  to  a  single  pure  line  of  the  patho- 
gen because  the  plants  themselves  are  geneti- 
cally different  with  respect  to  disease  resis- 
tance; 3.  To  have  genetic  status  a  culture 
must  be  derived  from  single  spores  or  cells 
whose  nuclear  condition  is  known ;  4.  Muta- 
tion and  hybridization  account  for  almost 
incomprehensibly  great  variation  in  some 
fungi.  Without  repeating  details,  then,  it 
can  be  stated  categorically  that  many  con- 
clusions regarding  adaptation  of  pathogenic 
fungi  to  new  hosts  were  based  on  misinter- 
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pretations   due   to  insufficient   information 
regarding  these  basic  facts. 

The  reaction  of  a  pure  line  of  a  host  plant 
to  a  pure  line  of  a  pathogen  depends  on  the 
interaction  of  a  complex  set  of  factors :  the 
genetic  factors  in  the  particular  variety  of 
host  and  their  effects  at  different  stages  in 
its  development;  the  genetic  factors  in  the 
particular  races  of  the  pathogen ;  the  effect 
of  environmental  factors,  such  as  soil  mois- 
ture, soil  nutrients,  light,  temperature,  etc., 
on  the  host  and  on  the  pathogen ;  the  effect, 
in  some  cases,  of  biotic  environment  of  very 
complex  nature;  and  the  effect  of  environ- 
ment on  the  physiologic  interaction  between 
host  and  pathogen.  The  complexities  of  all 
possible  combinations  of  interactions  are 
extremely  great,  but  they  are  real,  not 
imagined.  Great  as  the  range  of  variability 
may  sometimes  be,  however,  the  reaction  of 
a  given  variety  to  a  given  biotype  varies 
only  within  limits  imposed  by  the  genes,  and 
the  genes  themselves  remain  unchanged  ex- 
cept when  mutation  occurs.  That  is,  tem- 
porary modifications  are  not  inherited, 
although  the  effects  of  certain  environments 
may  persist  for  some  time. 

Mutation  and  hybridization  are  respon- 
sible for  very  extensive  variation  in  many 
plant  pathogenic  fungi  (papers  by  Craigie, 
Rodenhiser,  and  Christensen).  Hybridiza- 
tion may  occur  between  biotypes  within  a 
species,  between  varieties  within  a  species, 
between  species  themselves,  and  even  be- 
tween different  genera.  In  some  groups  of 
fungi  sexual  fusions  are  prerequisite  to 
parasitism.  In  the  smut  fungi  and  rust 
fungi,  for  example,  the  pathogenic  phase  is 
either  wholly  or  predominantly  dicaryotic. 
Nuclei  of  opposite  sex  are  associated  in  pairs 
during  the  period  of  growth  and  they  finally 
fuse  at  the  time  resting  spores  are  formed. 
Before  infection  again  occurs,  therefore, 
segregation  and  recombination  occur.  As 
there  may  be  very  many  biotypes  within  the 
species,  each  differing  in  one  or  more  char- 
acters, it  is  evident  that  this  crossing  be- 
tween biotypes  within  a  species  may  result 
in  the  production  of  a  very  large  number  of 
new  biotypes.  It  is  not  uncommon  in  the 
smut  fungi  to  find  that  among  40  or  50 


haploid  segregates  from  a  cross  no  two  are 
identical  with  each  other  or  the  parents. 
The  characters  of  the  different  lines  often 
intergrade  so  much  as  to  form  almost  a  con- 
tinuous series;  for  example,  the  cultures  of 
all  segregates  of  a  cross  may  be  of  the  same 
general  color,  but  when  all  the  cultures  are 
grouped  on  the  basis  of  color  they  may  con- 
stitute so  closely  an  intergrading  series  that 
one  gets  the  impression  that  all  had  been 
painted  with  the  same  paint  and  brush,  with 
decreasing  dose  of  paint  as  the  brush  was 
moved  across  the  series.  This  is  true  of 
other  characters  also.  The  importance  of 
this  fact  is  this:  If  there  are  such  almost 
imperceptible  intergradations  with  respect 
to  visually  observable  characters,  this  also 
may  be  true  of  pathogenicity  and  general 
physiologic  characters  that  are  harder  to 
detect. 

It  is  known  that  there  are  many  degrees 
of  pathogenicity  and  of  sex  among  segre- 
gates from  crosses,  and  many  differences  are 
too  slight  to  be  observable  unless  one  is 
fortunate  enough  to  find  the  appropriate 
criteria.  This  is  well  illustrated  by  some 
rust  fungi.  Uredial  clons  of  Puccinia  gram- 
inis  tritici  derived  from  crossing  races  or 
from  selfing  a  heterozygous  race  may  appear 
identical  in  pathogenicity  on  a  dozen  va- 
rieties. But  their  pathogenicity  for  a  thir- 
teenth variety  may  be  entirely  different; 
there  often  is  a  remarkable  degree  of  speci- 
ficity of  pathogenicity  for  certain  wheat 
varieties,  some  of  which  are  virtually  indis- 
tinguishable except  by  reaction  to  rust. 

It  is  worthy  of  emphasis  that  even  a  clon, 
if  heterozygous,  may  yield  a  dozen  or  more 
parasitic  races,  biotypes,  when  sexual  re- 
production occurs.  This  is  shown  clearly  in 
the  paper  by  Craigie.  It  should  be  empha- 
sized also  that  extensive  experiments  in 
hybridizing  smut  fungi  and  rust  fungi  show 
that  when  biotypes  differing  in  several  char- 
acters are  crossed  the  characters  may  be  re- 
combined  in  many  different  ways  in  the 
progeny.  Furthermore,  it  is  very  clear  that 
this  process  of  hybridization,  with  conse- 
quent recombinations  and  segregation  of 
new  biotypes,  is  going  on  in  nature. 
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The  situation  is  complicated  enough  by 
this  crossing  of  biotypes  within  a  species, 
but  still  " wider"  crosses  also  can  be  made 
and  there  is  circumstantial  evidence  that 
they  are  being  made  by  nature  also.  In  the 
smut  fungi  crosses  between  species  and  be- 
tween genera  indicate  that  unusual  biotypes 
or  strains  or  races  of  pathogens  can  be  pro- 
duced as  a  result  of  wide  crosses,  just  as  un- 
usual varieties  of  crop  plants  can  be  pro- 
duced occasionally  as  a  result  of  wide 
crosses.  This  is  true  also  of  intervarietal 
crosses  in  P.  graminis,  when  crosses  are 
made  between  varieties  that  differ  so  much 
in  morphology  and  pathogenicity  that  it 
would  be  justifiable  to  consider  them  dis- 
tinct species. 

The  rust  and  smut  fungi  are  not  unique 
among  plant  pathogenic  fungi  with  respect 
to  variation  resulting  from  hybridization; 
they  merely  have  been  studied  more  exten- 
sively than  most  others. 

Mutation  is  very  common  in  many  plant 
pathogenic  fungi.  It  probably  occurs  in 
bacteria  also,  in  the  form  of  sector  variants 
in  cultures.  But  the  evidence  for  mutation 
probably  is  clearest  in  some  of  the  smut 
fungi,  because  haploid  lines  can  be  ob- 
tained from  single,  haploid  cells  (sporidia) 
that  propagate  vegetatively.  It  has  been 
demonstrated  that  some  such  lines  are  rela- 
tively stable  while  others  are  extremely 
mutable.  When  crosses  are  made  between 
stable  and  mutable  lines,  segregation  for 
these  characters  takes  place,  showing  that 
the  tendency  to  mutate  is  due  to  genetic 
factors.  Within  a  few  months  several  hun- 
dred mutants  may  arise  from  a  mono- 
sporidial  line.     They  may  differ  slightly  or 


greatly  from  their  parents  in  virtually 
every  observable  character,  including  patho- 
genicity. Although  most  mutants  appear 
to  be  less  pathogenic  than  their  parents, 
some  are  more  pathogenic.  The  mutants 
may  cross  with  each  other  and  produce  still 
other  biotypes. 

The  number  of  biotypes  that  can  be  pro- 
duced as  a  result  of  hybridization  and  mu- 
tation is  illustrated  well  by  experiments  on 
Ustilago  zeae,  the  common  corn  smut  organ- 
ism. From  two  haploid  sporidia  there  were 
obtained  by  the  writer  and  associates  at 
least  5,000  biotypes  within  a  period  of  4 
years. 

Apparent  mutation  is  extremely  common 
in  many  fungi  with  multinucleate  spores  or 
with  spores  in  which  the  nuclear  condition 
is  not  known.  It  is  possible  that  chance 
assortment  of  nuclei  carrying  different  genes 
may  account  for  the  production  of  new  bio- 
types in  some  fungi,  as  hyphal  anastamoses 
may  lead  to  heterocaryosis  and  subsequent 
reassortment  of  nuclei  in  hyphal  branches 
and  spores.  But  what  seems  particularly 
impressive  is  the  tremendous  number  of  bio- 
types that  may  arise  by  mutation  in  lines 
derived  from  single  haploid  cells. 

In  interpreting  the  changes  in  micro- 
organisms, then,  it  is  essential  to  know  their 
genetic  condition  and  that  of  their  hosts. 
Phenotypic  variability  must  be  distin- 
guished from  genetic  variation.  Much  re- 
mains to  be  learned,  and  it  is  clearly  evi- 
dent that  it  is  important  to  make  extensive 
and  basic  studies  on  the  genetics  of  patho- 
gens as  a  means  of  understanding  the 
changes  that  occur  and  as  a  guide  to  prac- 
tical procedures. 
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